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ABSTRACT

This is the final report on work performed under the
High Altitude Radio Relay (HARR) study contract. The HARR
program was an applied research study effort in support of the
Advanced Research Projects Agency requirements for Remote
Area Conflict communications (Project AGILE). The theoretical
and analytical investigations were aimed at datermining the key
characteristics and parameters of systems to enable the use of

military communications equipment over difficult paths.

The operational parameters considered were traffic,
transmission range, terrain, foliage, frequency range, modula-
tion, and types of relay capabilities. Equipment parameters
were: relay control, transmission modes, size and weight, radio
frequency power levels, receiver sensitivities, power require-
ments, operational life, interference, jamming, platform per-
formance, platform payloads, compatibility, basing, availability,
and costs.

The study was broken into four tasks: communication
mission requirements, propagation analysis, relay analysis,
and platform analysis.
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SECTION 1

SUMMARY AND CONCLUSIONS

1.1 GENERAL

This is the final report on work performed under the High Altitude Radio
Relay (HARR) study contract, The HARR program is an applied research effort
in support of the Advanced Research Projects Agency requirement for Remote
Area Conflict communications (Project AGILE), and under the contractual and
technical direction of the United States Army Electronics Command (USAECOM),

Fort Monmouth, New Jersey.

The study is an investigation of elevated radio relays to extend the range
of remote area communications, The systems considered can generally be sep-
arated into two parts; the electronics equipment, and the elevated support or

platform,
1.2 OBJECTIVES

The objectives of the study are to select and recommend optimum relay
equipment and compatible platforms from the current military inventory for the
immediate time frame, and to recommend developmental areas for retransmis-

sion systems of the future,
1.3 SCOPE OF WORK

In identifying the optimum relay platform configurations, the study has
been largely parametric and considers three time frames, initial (1968), interim
(1969-1975), and long range (post-1975). For the initial period, investigation has

been confined to the use of existing inventory equipment., Recommendations for



the interim time frame include improvement to existing equipment. Farv the post-

1975 period, promising areas for development and applied research are discussed.

&, 9.1 Approach. The requirements for rebroadcast systems in remote area
conflict have been examined mainly in the context of war in Southeast Asia. Sec-
tion 2 of this report is an overview of communications in Viet Nam. It discusses
the military organization, geography and climate, tactical concepts, and com-
munication systems, Section 3 discusses the principles of relay operation, wave
propagation over difficult paths, application of contemporary equipment to the
retransmission problem, and the potential for relay development, The examina-
tion of platforms in Section 4 includes a selection analysis, cost effectiveness
modeling, and a random aircraft sortie distribution analysis, A variety of ele-
vated platforms are discussed including powered aircraft, manned and unmanned,

a tree-supported platform, and tethered and free balloons,
1.4 CONCLUSIONS AND COMMENTS

In addition to the specific recommendations for equipment, usage, develop-
ment, etc., contained in the body of this report, some genecral comments and con-

clusions may be drawn from this study,

A. No single platform/relay combination can be specified as
optimum for all purposes, The requirements are a function
of the mission, logistics, tactical exigencies, etc,

B, The use of combinations of existing communications gear
for high altitude relay in the F1-F2 mode may be difficult
unless the equipment was specifically designed for the
purpose, The spurious radiations and responses of con-
ventional transmitters and receivers are typically required
to be at least 50-70db below performance at the channel
frequency. This is insufficient for relay operation where
the necessary margin may exceed 150-4170db, Tests of
the AN/PRC-25 transceiver described in the appendix
clearly illustrate this problem,




The conclusion of B may be extended to suggest that multiple
channel high altitude relay using inventory equipment not
designed for the purpose may be difficult or impossible,
especially in the VHF region,

Platform costs for HARR so exceed the relay equipment
expenses that the cost analysis for the platform alone is
essentially the same as for the platform/relay combination,
Thus, a 100% increase in relay cost to produce 10% better
mission performance may be an economy,

Development of directive antennas, even at VHF, is con-
sidered a necessity for HARR if their potential is to be
developed, In the absence of antenna directivity, long range
RFI problems will limit the number of elevated relays
that the spectrum will accommodate.

The concept of high altitude switchboards similar to dial-
direct radio telephone systems should be explored. An
elevated switchboard would provide a higher utility factor
for the available channels than a repeater, Better utiliza-
tion of channels becomes a necessity for a tactical network,
for instance, where a large number of users make infre=
quent calls of short duration,
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SECTION 2

COMMUNICATIONS REQUIREMENTS AND
MISSION MODELING

2.1 INTRODUCTION

The objective of this program is to study airborne relay systems which
will extend military communications in remote areas of conflict.

A study of airborne retransmission to extend communications must
include a definition of ""how far' and "by what means' since the Signal Corps
has a variety of equipment in inventory which might be used for the purpose.
An assessment is made of these inventories, both present and proposed
to consider them in the light of their parametric tradeoffs. The question of
""how far' must be controlled by interference considerations and constrained by
distance requirements within a tactical operation. In addition to the problems
of spectrum conservation, it should be roted that all communication schemes
must, for the present, be compatible with existing equipments. Technological
quantum jumps such as RADA, adaptive signalling, RACEP or digitized voice
systems which promise conservation in RF spectrum must initially operate with
existing equipment and frequency assignments.

In accordance with the Technical Guidelines, the upper limit for range
extension by radio relay is 300 miles. This would include communications in
command echelons as high as field army level. This figure, therefore, requires
or permits this study to evaluate all military communications in Vietnam.

The role of military communications in Viet Nam has been expanding and
several military systems now serve both military and civilian populations.

The study of airborne relays should, therefore, include methods to sup-
port both tactical and civilian populations in reacting against enemy terrorism
and disruption of government. In support of this hypothesis is the recent U. S.
decision to place the passification program under military control. It is sup-
ported by a '""hamlet' radio system to provide rural area communications.




A third aspect of this study is the effect of geography on communications
in counter-insurgency warfare. The study is directed at difficult terrain and
transmission anomalies in dense tropical jungle and/or mountainous regions.
The objectives are to determine tactical and operational characteristics peculiar
to each region.

Communications has assumed such an important support role on the battle-
field that it would be interesting to consider the ways in which tactics might be mod-
ified through improved use of airborne relays. It should bc noted here, however,
that this study is not intended to evolve tactical concepts, but rather to examine
the communication ingredients common to effective command and control and to
investigate means by which these ingredients may be improved.

The study is directed at both forward and rear area communications. The
forward areas relate particularly to manpack and vehicular equipment, while
semifixed and fixed plant terminals are appropriate to the rear echelons.

2.2 SCOPE

This study program investigates how airborne radio relays can improve
military communications in remote geographic areas. Improved communications
could logically result in radically new methods of tactical deployment. Such a
metamorphosis in tactics has resulted from the introduction of airborne command
posts; their success in Viet Nam has prompted the organization of an air-mobile
division, the first of its kind in the United States.

Although the term, '"military,' implies all services, this study is con-
centrated on the ground combat efforts of the U. S. Army with only peripheral
attention to the Air Force and Navy tactical air support and airlift, Marine
Corps fighting units are considered in the same context as Army elements.

2.3 THE TACTICAL MILITARY COMMUNITY

2.3.1 Organizational Structure. Until recently, the major elements within
the U. S. Army, i.e., field army, corps, division and brigade, reflected a
rather rigid infrastructure of manpower and equipment. Aside from the flexi-
bility of assignment permitted within the context of supporting or attached units,
i.e., artillery, reconnaissance, engineering, signal, etc., maneuver within
the field army was predicated upon a rigid divisional structure of three infantry
regiments, (now called brigades) with three infantry battalions assigned to ecach
regiment. The doctrine of '"two-up and one in reserve'' was reflected in a '"triad"
concept of tactical deployment and unit organization. Similarly, each battalion
had three maneuver companies and each company had three maneuver platoons.
For the most part these unit ratios still exist, with one exception: the infantry
regiment has been replaced by a brigade with a flexible strength ranging from
one to five infantry battalions.




More significant however, is the degrce of tactical freedom permitted
the small echelons of command. This degree of independent action has devel-
oped from the need for a force tailored to meet a variety of combat situations
including counter-insurgency, police action, or a show of force.

The division is permitted internal tailoring to meet the tactical needs
and the basic maneuver elernent is the battalion. Separate brigade and Lattalion
size operations are consistent with this doctrine.

As a further extensio:l of this philosophy, all tactical eiements of the
division have been relieved, to a large extent, of administrative and logistical
responsibilities.

In consonance with the army's tactical doctrine of providing 'flexible
response, ' these units, divested of administrative and logistical burden, ar«
capable of offensive or defensive deployment in wide areas. Unit decentraliza-
tion and airlift capability permits the commitment of units several hundred miles
distant in a matter of hours, creating the need for single and multiple channel
command communications over these distances from portable and vehicular radio
terminals via previously unestablished routes of communication.

The echelons of command embody the tailored force principle as outlined
in the organization objectives of the field army for the 1970-1980 time frame.
This field army would consist of from one to a maximum of three corps. Each
corps could have from one to six divisions. In each division would be from one
to three brigades, and each brigade could be assigned from one to five battalions.
It can be seen from this that troop strength cannot be uniquely assessed as a
function of these command echelons.

Similarly, because of the variety of independent missions which can be
performed by battalion and smaller size units, it is neither desirable nor possible
to infer deployment distances. In view of the extended troop lifts successfully
undertaken in Viet Nam, it is safe to say that troop deployment to areas of oppor-
tunity would extend to any distance within the airlift range of available aircraft
and the reliable communications range bctween the staging arca and the tactical
zone.

2.4 GENERAL TACTICAL CONCEPTS

Communications requirements and equipment emphasis has changed con-
siderably over the past two decades. During World War 1I, the battlefield in
Europe was one of total commitment and troop units werc dispersed across the
width and breadth of continents. Troop displacement was generally continuous
along a front, and terrain once occupied or passed through was retained and held
secure.




In contrast with the tactics and terrain of World War Il is the war in
Viet Nam. Unlike war on a major political and tactical scale, the battlefield
there can more accurately be described as continuous in terms of the enemy
with small pockets of friendly forces operating alone on missions of short dura-
tion. The war might be described as a battalion, company, and platoon leaders'
war. Brigade-sized units, and often battalion-sized units, operate on search
and destroy missions many miles from the friendly stable rear areas. Airlifted
in by helicopter, these units move forward through enemy terrain, destroying
small pockets of resistance, village terrorists and equipment depots; and once
the friendly forces pass through and no longer occupy an area, it is likely to
again become enemy territory. Combine this tactical dispersion with the dense
tropical jungle or mountainous terrain and a situation prevails which taxes the
range and performance of existing small unit radio equipments.

British fighting units experienced similar communications difficulties
in the late 1950's as evidenced by documents describing the limitations which
jungle conditions impose on radio communications as normally practiced in a
tactical area.

Vegetation, terrain, and the heavy reliance placed on tactical radio com-
munications have placed severe support demands upon the present generation of
tactical radio sets.

Combat operations in remote areas of conflict utilize tactical units that
are highly mobile and dispersed over broad areas of widely varying terrain. The
degree to which such mobility and dispersion can effectively be attained will bear
on the means to maintain command and control. The achievement of these means
depends on the adequacy of communications.

2.4.1 Tactical Communications Extension Requirements. The ability to
quickly deploy troops over large distances to areas of enemy concentration
constitutes a major tactical advantage of the ARVN, U.S., and Free World
Forces in Viet Nam. By the use of helicopters well supported by artillery
and tactical air, commanders are able to achieve surprise and shock action.
Such actions can generally be described as airmobile operations. It places
long-range communications demands on existing VHF ground equipment and
is presently employing airborne relay to a limited extent. The command
elements in many airmobile tactical commitments utilize aerial command
posts operating between the staging area and the landing zones (LZ) where
helicopters discharge the troops into the combat area. Displacement dis -
tances vary considerably from 10 or 15 miles to 150 miles. Early operations
of this type were limited to the range of supporting artillery; however, recent
actions have provided for the airlift of artillery units thus permitting deeper
penetration.




The present command and control practice is to place the commanders
and observers aloft and includes typically three to five command elements,
Radio nets are usually effected from this airborne command post to medical,
fire support, armed and troop lift helicopters as well as with the units committed
on the ground. Communications to the staging area, which is the longest dis-
tance requirement, usually employs VHF/AM/SSB means, Generally, the air-
to-air and air-to-ground paths in the vicinity of ground fighting is VHF,

These missions typify the need for long-distance communications between
the command elements of isolated fighting units and other supporting arms. The
isolated unit may be as small as 20 to 30 men on a patrol mission committed for
periods of several days, or it may be a brigade deployed into a province for sus-
tained operations over two to four week periols,

2,5 GEOGRAPHY AND ITS EFFECT ON MILITARY TACTICS

5.1 Operations in the Central Highlands

2, Sait » General, The Central Highlands area constitutes almost 50 percent
of the South Viet Nam land mass, It is a rugged, mountainous area with maxi-
mum elevation ranging from 4500 to 7000 feet in the vicinity of Dalat and from
3000 to 8000 feet in the area west of Quang Ngai. The area slopes steeply down
to the coastal plain on the east and more gradually on the western plateau, result-
ing in a strong contrast between the short, swift, eastward flowing streams with
their steep-walled, narrow valleys and the more sluggish westward-flowing
streams with their broad flat valleys. All streams are swollen and difficult to
ford during the rainy season. Operations in this area differ greatly from those
in the Delta and coastal plains because of the differences in terrain, weather
and population,

24512 Terrain, Steep slopes, sharp crests and narrow valleys character-
ize the mountainous areas, Numerous razorback ridges run in all directions and
it is virtually impossible to follow them in any one direction for more than a few
hundred yards. The forested areas of the foothills up to 3000 feet have an
unbroken continuity of tall trees that form a dense, closed canopy over the ground.
The undergrowth is very thick, comprising an almost impenetrable mass of
smaller trees less than 10 feet high, intermingled with thorny shrubs and vines,
Most streams are bordered by high, steep rocky banks and are generally swift
with rapids and shallows common. Fording is possible in many places except
during the flash floods which occur during the rainy season.

2.5.,1.3 Weather, In the highlands, the southwest monsoon season lasts from
May to October, During this period low clouds and ground fog limits observa-
tion and seriously restrict aerial activity, Cloud ceilings are less than 3000
feet about 80% of the time, Average monthly rainfall is approximately 13 inches,
The average high temperature is 88 degrees with an average low of 55 degrees,




2.5.1.4 Movement, The steep terrain and dense jungles reduce foot mobil-
ity. Rate of march is usually from one-half to two kilometers per hour with
frequent rest stops. Experience shows that there is a tendency to over-
estimate the rate of advance of columns, The amount of rations and equipment
carried by the individual soldier must be carefully considered to prolong his
effectiveness,

Wheeled and track vehicles will be restricted to the existing roads
and trails, Bridges in this region are not capable of supporting heavy loads.

The limited number of suitable landing zones requires careful and
detailed reconnaissance in order to conduct heliborne operations, Open areas
are sometimes covered with stakes and tree stumps, which may prohibit heli-
copter landings. The high altitude and small landing zones result in a reduction
of helicopter lift capability,

25 1B Combat Support Considerations

a, Artillery, Limited road nets or complete absence of roads
restricts movements of artillery., Suitable positions are difficult to find, and
sometimes clearing and leveling is necessary prior to positioning artillery
pieces by helicopter,

b. Air Support. Dense jungle, low clouds and ground fog restrict
air support., The locations of friendly forward elements are frequently difficult
to determine from the air, limiting the delivery of close supporting fires, Units
should plan the use of pyrotechnics, panels and other devices to mark their for-
ward positions,

2:8.4 Operations in Swampy and Inundated Areas, Operations in swampy
and inundated areas in Viet Nam are generally associated with the Mekong
Delta--that region of Viet Nam which lies south and west of the city of Saigon
and is laced with rivers, streams, and canals, However, some of these con-
ditions exist along the northern coastal plain in small delta areas. Rice
paddies comprise most of the Delta, Two other types of areas within the
Delta, the Plain of Reeds and the Mangrove Swamps, are treated separately
below,

L. 9.8 Rice Paddy Areas of the Delta

2508l 1 General. The rice paddy land of the Delta is the most heavily
populated rural area in the Republic of Viet Nam; dwellings are found along
nearly cvery waterway, Streams, canals and rivers interlace this area;
trees and other vegetation along the waterways sometimes extend 300 meters
on each side. The Jand between the waterways is covered by rice paddies,



and during the rainy season these paddies are covered with water to a depth of
one foot or more. In the dry season these same rice paddies dry up and crack
open.

2:5:.3,2 Movement

a. Routes. There is an extensive network of rivers and canals
usable throughout the year, and generally capable of supporting craft as large
as landing craft, nmiechanized (LCM). River craft are confined to the major
canals and to the rivers. Overhead bridge clearance and depth of water at
high and low tide must be considered in planning use of river boats. Assault
boats can operate freely on minor canals only during high tide. Native sampans
operate at all times.

b. Ground Troops. Troops can maneuver in the paddies on foot the
year-round. Foot movement during the dry season averages three to four kilo-
meters per hour during the day and one and one-half kilometers per hour at night.
During the wet season foot movement may be slowed by difficulties in crossing
canals; a combination of deep water and steep muddy banks may result in insuf-
ficient traction. Consideration of the tide is necessary, even far inland, as high
tide favors boat movement, while low tide favors wading across canals in most
search operations. Several large-scale operation have failed or have been
aborted because the effects of the tide were not considered.

c. Helicopters. Most rice paddies in both the wet and dry season
are potential landing or loading zones.

d. Airborne Troops. Airborne forces can be employed year=-round
with few limitations on the size of the force dropped. During the wet season the
water depth of the rice paddies should be considered when selecting drop zones.
If the situation requires it, drop zones can be successfully selected immediately
prior to the drop,

2.5.4 Plains of Reeds Area of Delta

2.5.4.1 General, The sparse population is scattered throughout the small
hamlets at canal or stream junctions and along the banks of these waterways,
During the rainy season when the entire area is inundated, the people live in
elevated houses cr in sampans, Even during the dry season, the area is contin-
uously covered with water varying from ankle to shoulder depth and blanketed by
reeds and grass one-half to four and a half meters high, There are trees scat-
tered along the small number of canals and streams in the area. During the dry
season many parts of the area resemble the midwest prairies from the air. In
the wet season it looks like a sea or large lake.
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2.5.4,2 Movement

a. Routes, There are only two major canals and a single road
across the area, Inhabitants normally travel by boat and sampan, often directly
across flooded fields.

b. Ground Troops. The average rate of travel cross-country by
foot in the dry season is 1, 5 kilometers per hour. During the wet season foot
travel seldom exceeds one kilometer per hour and in many places is not possible
at all, Armored personnel carriers are most valuable in this area, although
frequent stops are necessary to cut the reeds and grass from the tracks and
drive sprockets, River force craft are limited to larger streams and canals,
They are sometimes used to carry troops to the general area of operations but
can seldom be utilized to support an assault operation,

c. Helicopters. Helicopter landing zones in the Plain of Reeds are
limited. In the dry season, canal and river banks may be used for landings, but
in the rainy season troops must be loaded and unloaded from hovering helicopters.
Care must be taken not to offload troops in wate: reaching over their heads.

Small boats can be lashed to the skids of helicoriers and used to disembark troops.

d. Airborne Troops. Airborne troops can be employed effectively
throughout most of the area depending upon the depth of the water and the season
of the year,

2.5.4.3 Combat or Fire Support. Moving artillery into position to support
operations requires boat or helicopter transportation and usually compromises
security, Heavy mortars and artillery which can be delivered by helicopter still
possess the disadvantage of limited range for the usually large-area operations
conducted in the Plain of Reeds. Naval guns can support operations within range
of the Mekong River, Tactical air support and armed helicopter support are
most useful, Assault boats or sampans may be used to carry heavier crew-
served weapons and ammunition,

2.5.5 Mangrove Swamp Area of Delta

2,5,5,1 General, Population is very sparse and is concentrated along the
shore line or at river and stream junctions, Most houses are built or: stilts
because of the wile variations of the tides. Few people actually live in the
swamps. Trees, vines, exposed roots and dense undergrowth are marks of the
Mangrove Swamps, Swamp depths, depending on the tide, vary from one meter
of mud to one meter of mud covered by two meters of water. Tides cause river
current to reverse direction as the tide changes,
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2.5.5.2 Movement

a. Routes. There are no roads in the Mangrove Swamps. Boats
traveling into the area during high tide can be stranded at low tide and may have
difficulty reaching shore. Sampans can enter the area from the sea only during
high tide. Although these conditions hamper tactical troop landings, several
successful landings have been made, LCM's and LCVP's can get close to shore
only by following river channels,

b. Ground Troops. Foot movement is very slow, The average
rate of foot movement is one kilc neter per hour, and may be only a few hundred
meters per hour. Armored personnel carriers can operate in only a few parts
of the Mangrove Swamps, generally around the edges, Sampans and SSB's are
limited to the few streams and are likely to be stranaed at low tide.

c. Helicopters and Airborne Troops. Helicopter and airborne
forces can be employed in mass only on the fringe areas of the Mangrove Swamps,

2.508.8 Combat or Fire Support. The planning considerations for the use of
artillery, mortar and air support are similar to those necessary for operations
in the Plain of Reeds. Naval gunfire can be used. Consideration should be given
to the use of assault boats or sampans to carry heavier crew-served weapons and
ammunition,

2.6 COMMUNICATION SYSTEMS

2.6.1 Configurations. Military radio communications can be described as
area, network, or point-to-point systems,

2.6.1.1 Area Systems., Area communications usually extend from Army rear
to Division rear. They are largely common user circuits over which a variety
of signal forms are transmitted. Multiple channels are principally used to link
signal centers (see Figure 2-1). The signal centers or nodes within the result-
ing array perform manual or automatic switching and supervision functions on
voice and teletype traffic in a manner similar to telephone central office pro-

cedure,

2,6.1.2 Tactical Networks., Tactical radio nets are typified by the structure
shown in Figure 2-2. A net will consist of two or more transmitters and receivers
operating on the same frequency. The operating mode is "push to talk'; that is,
the transmitters are only activated when a person wishes to speak, For all

other conditions, only the person's receivers are on. No more than one trans-
mitter in a net can be active at any given time. In accordance with tactical
echelons of command, the commander in one net is also a member of the next
higher echelon net.
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Network systems permit quick exchange among all subscribers,
random deployment, and a high degree of mobility. All of these are essential
to division or smaller unit operations. The number of users in a network will
depend on the number of common interest subscribers (i.e., logistics, intel-
ligence, air traffic, etc,) subordinate to the next higher command level, The
tactical chain of commmand provides that each successive command element
occupy, in addition to its own net, a position in the next highest command net
using a second radio terminal., This arrangement confines the subordinate
network subscribers to the command boundaries, Within each net at division
level and lower, one subscriber is usually appointed as net control station (NCS)
for insuring good radio procedure, advising of radio silence, and establishing
subscriber precedence during periods of high traffic. In the absence of automatic
encryption, transmission security is usually effected through the use of pre-
arranged phrases, code words, or recitation from classified authentication
tables in the signal operating instructions (SOI),

Network systems will also be found above division level, however,
they are used principally for teletype traffic in support of operations, air support,
and/or logistics. The principles of operation are essentially the same as for the
voice nets described above, The traffic is largely administrative, routine opera-
tional, or limited intelligence data. The subscribers in each net usually share a
common support function, i,e., reconnaissance, logistics, air request, etc. In
the case of large networks, a degree of formality (message address and sender
identification) is required on the part of each subscriber,

2.6. 0.5 Point-to-Point, Point-to-point systems sustain high traffic volume
between two geographically fixed subscribers, Conventionally these systems are
found at higher tactical echelons where terminal displacement is infrequent and
directional arrays permit spectrum conservation, These links carry high
priority operational traffic in record form between the army, corps, and division
command levels as well as to adjacent army command posts., For this reason
they are usually accomplished at VHF or microwave frequencies and do not pass
through switched or repeater terminals,

Application of point-to-point systems at the lower command echelons
is increasing in Viet Nam as the complexion of the war is permitting the smaller
headquarters, airfields, supply depots and base camps to remain in fixed posi-
tions.

2.6,2 Unit Requirements, This section discusses the communication required
to support the major elements of a field army, The links shown for each level
of activity are consistent with the RODAC-70 field army concept,

Signal corps doctrine establishes responsibility for communication
installation on a higher-to-lower and left-t “* basis, Each echelon shown
in the following paragraphs includes links ¢ a: ..ent with this doctrine,
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2.6.2:1 Field Army. Field army communication is established in area, net-
work, and point-to-point systems,

2.6.2,1.1 Area., Consists usually of 18-24 area type signal centers which
provide signal facilities within designated geographical areas and serve all units
within the area requiring such support, Area signal centers remain under the
operational control of the signal officer of the command providing the area center,
Internal communications of the supported units remains the responsibility of
those units, The signal centers are usually arranged in a matrix interconnected
by both multi-channel radio relay and cable links with total channel capacities
between centers ranging from 24 - 96, The system matrix extends from the rear
of the field army area through the combat zone and connects into the division
communication system at the division rear boundary,

The Signal Centers provide telephone and teletypewriter switching,
rerouting, radio wire irntegration, radio, radio relay and carrier transmission
and reception, Each signal center provides all signal facilities required to sup-
port the units and activities within its assigned area of responsibility, The signal
center of the field army area communication system is interconnected with at
leasttwo others to provide divided and alternate routing and permit distribution of
the traffic loads,

As opposed to an axis form of communication support used in World
War Il and Korea, an area signal center may be destroyed without disrupting
traffic. The field army area communication system is designed primarily as a
common user system,

2.6,2.1.2 Network, Network radio-teletype systems include:

a. Links from main army Command Post (CP) to each corps CP.

b. Links from main army CP to each major tactical
unit not attached to the corps.

¢c. Army Air Request links connecting main field army
tactical operations center and each of the divisions
attached to a corps, A separate net is established
for each corps which is used for control of requested,
immediate and pre-planned air strikes,

d, Logistical Nets are established between army rear
CP and the support command of each division attached
to the corps. As in 3 above, a separate net is
established for each corps. Since corps headquarters
is primarily a tactical organization, logistical
requests from front line divisions bypass corps HQ and
pass directly to the rear field army CP over these nets,
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e. Army Air Information Nets connecting army main
CP and each corps CP and the army reconnaisance
support battalion (ARSB).

f. Army Ground Liaison Officer Nets established between
army main CP and each tactical air force wing.
Normally there are two tactical air force wings of
four squadrons each in support of one field army,
These nets are used to effect coordination of tactical
air support.

g. Air Reconnaissance Liaison Net (ARLO NET) estab-
lished between air reconnaissance support battalion
and the liaison officers at each air force reconnaissance
squadron, normally one wing with four squadrons in
support of a field army, The net is used to pass
intelligence traffic to the support battalion where it is
processed and passed on to army and corps CP's,
over the air information net,

2,6,2,1.3 Point-to-Point, Point-to-point systems include links for both voice
and teletype. One voice link is the Command Multi-Channel facility, This
system provides command and control to highly mobile elements and is indepen-
dent of the area-type system. It consists largely of point-to-point multi-channel
links between the following elements:

a. Army main command post (CP) to each corps CP
(24 channels),

b. Army main CP to armiy advance CP (24 channels),
c. Army main CP to army group (48 channels).
d. Armymain CP to army rear CP (48 channels).

e. Advanced logistics command CP to army rear CP
(48 channels),

f. Army main CP to air defense headquarters
(12 channels),

A second type of voice link is devoted to Air Defense, It has essen-
tially the same requirements as the command multi-channel system, It connects
air defense headquarters with air defense groups and air defense groups with
their battalions and firing units. The links are usually 12 channel with ranges
varying from 75-150 miles,

Teletype point-to-point links connect a field army main CP left and
right with adjacent army CP's also with army group, army advanced and rear
CP's. They also connect army rear CP with the Advanced Logistics Command

(ADLOG)
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2.6, 2.2 Corps. The corps headquarters directs the tactical functions. Pri-
mary emphasis is placed on the support of tactical operations and intelligence
traffic through point-to-point and network systems. As in the field army com-
mand post, there is little requirement for vehicular or manpack communication.
The field army system is used as backup to carry administrative and logistical
traffic,

2,6.2.2.1 Point-to-Point, The point-to-point systems link Corps Command
and Corps Artillery, Corps Command communications consist of 24-channel
secure links between the main corps command post and each of the following
command posts:

. Corps advance

Each division

Corps artillery

Mechanized brigade

Armored cavalry

Aviation group

Military intelligence battalion

R Mo o0 oW

Corps Artillery Command links provide close and continuous con-
trol of all corps artillery support fire unit command posts, These systems con-
nect corps main CP with:

Division artillery

Target acquisition battalion
Each artillery group

Air defense artillery group

o0 oM

Each link has a 12 channel secure capacity. The links are termi-
nated directly at the command elements and generally do not pass through
switched or repeater terminals,

2.6,2,2.2 Network, Network systems consist of secure, 600 wpm, of tele-
type traffic between:

a, Corps CP and each division CP

b. Intra-Corps Command Posts; i.e,,rear, main,
advanced and adjacent corps

c. Between the corps, mech. brigade, engineer
brigade, and armored cavalry command posts

d. Between the reconnaissance collection agencies, the

main and advanced corps command posts, the
aviation group and the armored cavalry brigade
command post,
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B©.2.3 Division, There are four types of army divisions, the infantry,
armor, mechanized, and airborne, Communications requirements are similar
for each.

Communications within the division places heavy reliance on vehic-
ular forms of communication, makes extensive use of voice network systems, and
uses radio wire integration between mobile VHF/FM and the division area tele-
phone system,

Division communications are established in area and network config-
urations,

2.6.2,.3.1 Area, The division area system is similar in concept to the army
area systern, An array of mobile signal centers are inter-connected by 12 chan-
nel vehicular mounted terminals,

I®.2.3.2 Network, These links have both teletype and voice terminal equip-
ments, The voice systems include a division command net, a division staff net,
an air request net, and an air warning net, The teletype systems include an
operations and intelligence net, an administrative and logistics net, and a sup-
port net,

o (Do (o SR A 8N Voice Networks

2.6,2.3.2,2.1 Division Command Net. This net usuially embraces a large
number of mobile subscribers and includes the Division Commander, Operations
Officer, Armored Cavalry Commander, Artillery Commander, Engineer and
Aviation Battalion Commander and the Operations Center,

2. 6nde 8. 2ZuinZ Division Staff Net, Similar in structure to the command net and
includes the General Staff G-1, G-2, G-3, and G-4 plus air intelligence officer,
surgeon, chemical officer and division signal officer. It is best described as in
administrative and logistics network,

2.6m2.3. 251, 8 Air Request Net. Has the following prime subscribers:

. Fire support control center

Armored cavalry squadron

Each brigade command post

Each maneuver battalion command post

a0 o w

The net is used to request and coordinate immediate or pre-
planned air strikes, The fire support control center terminal acts as net control
station, Requests approved at division level are transmitted to Army level over
the Army Air request net,
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2.6.2,3,2,1.4 Air Warning Net, This is & one way voice network from either
the division or division alternate command post to all subordinate units,

e.6,8.3%.2.2 Teletype Systems, Teletype nets are used principally to afford
greater range and record copy. Secure transmission is required.

2.6.2.3.2.2.1 Operations and Intelligence Net, This net includes the division
main, advance, and alternate command post, division artillery, each brigade
command post and the armored cavalry squadron command post, This net handles
critical tactical and intelligence traffic, requires secure transmission and mini-
mum 50 mile range,

2.6,2,3,2,2,2 Administrative and Logistical Net, Carries traffic similar to
the division staff net among the division support command battalion, division
artillery, and motor convoy operations,

2,6,2.3.2,2.3 Support Net. A general purpose net for operations, intelligence,
logistics and administrative traffic among units located to the rear of the combat
units, The subscribers are division rear command post, division support com-=-
mand post, each division area signal center, the surveillance platoon, aviation
battalion, and cngineer battalion,

2.6.2.4 Brigade. The Brigade communication system is dependent on VHF/
FM, HF/Teletype, and HF/SSB radio equipment, Brigade command elements
communicate with division solely by radio. Communications systems consist
of voice or teletype networks, The voice links include command nets, adminis=-
trative/logistical nets, intelligence nets and artillery battalion nets, There is
one teletype net which carries principally logistical traffic,

2.6,2.4.1 Command Net. Includes the brigade commander, executive officer,
intelligence officer (S-2), operations officer (S-3), air operations officer, supply
officer (S-4), each battalion commander and each attached supporting unit com-
mander,

2.6.2,4.2 Administrative/Lcegistics Net, Used to control supply, personnel
and administrative matters and includes brigade elements plus battalion execu-
tive officer,

2.6.2.4.3 Intelligence Net, Conveys intelligence information relating to the
enemy situation between the intelligence officers of each battalion and the brigade
intelligence officer,

2.6,2.4.4 Artillery Battalion Support Net., This system consists of battalion
headquarters, one forward observer for each infantry company, one liaison
officer for each battalion and one liaison officer at the brigade command post,
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2.6,2.4.5 Brigade Teletype Net, This net serves logistical elements which
include the brigade headquarters, maneuver battalion headquarters and brigade
convoy operations,

2.6.3 Frequency Maragement Considerations. In attempting to determine
small unit radio requirements hence platform loads and relay packages, efforts
to affix channel requirements to corresponding unit strength on the basis of clas-
sical tactical net structures results in a large concentration of channel frequen-
cies in a relatively small area,

Consider Figure 2-1 which is typical of the frequencies found within an
infantry rifle company, Typical distances between the internal elements of com-
mand within a rifle company are likely to range from 0.5 to 8 kilometers, On
the basis of typical company frontages, units displaced laterally along the forward
edge of a battle area would permit the reassignment of identical blocks of fre-
quencies in every second or third company sector, Such is generally the case
and is a distinct advantage in the application of VHF tactical radio sets on the
small unit level (see Figure 2-3),

Figure 2-3 is an extension of the netting principle shown in Figure 2-1
as applied to an infantry brigade, For purposes of discussion and clarity, only
the FM voice nets occupying the 30-76 MHz spectrum are shown, Considering
normal areas of battalion occupancy or approximately a rectangle three miles
wide and two miles deep, there would exist no less than 43 separate nets utilizing
23 separate frequencies, If no frequency sharing were permitted at the platoon
and company levels, then 43 separate frequencies would be required,

Extrapolating these figures to a brigade comprised of three battalions
and assuming frequency sharing as a function of range attenuation as in the
first case above, then only one additional frequency would be required--the
battalion/company command net. If no sharing were permitted, 20 additional
frequencies or an aggregate of 63 would be required for a brigade made up of
three tattalions,

Concentrations to this extent are permiitted in routine operations
characterized by non-restrictive channel availability and terrain wherein
there exists no large scale efforts to extend the design range of radio equip-
ment,

Spurious signal or ''on-site'' interference does occur in such situa-
tions with the manpack and vehicular equipments when command elements
employing these sets are co-located no more than several yards apart’ This
frequently happens and is reported to be a problem in Viet Nam. Frequency
selection in accordance with the interference charts that accompany the radio
sets' appropriate TM would help alleviate this problem to some extent; how-
ever, the geographically random location likely with tactical sets and the
limited channel availability estimated at 460 (30-70 MHz) dces not permit

*See Appendix on PRC-25 tests
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exclusive interference-free geographical assignments. In view of the large num-
ber of users and limited availability of channels, optimization of channel assign-
ment appears to be the only means by which interference can be reduced, As is
often the case, however, time and a constantly changing tactical environment
does not permit a statistical and probabilistic approach to these assignments at
the small unit command levels,

Far site or co-channel interference resulting from the increased use
of airborne command posts and airborne radio relay has been described* as a
second area of concern to Viet Nam frequency coordinators., It is being used
principally by the U,S. and Free World Forces as opposed (o the Vietnamese,
Relay support often takes the form of merely relaying a command message
between two ground units experiencing difficulty,

There are also difficulties arising from the increased reception of
numerous ground terminals by airborne receivers. Units have reported that
large portions of a corps area appear on airborne command nets., The present
means to combat the problem appears to be exclusive frequency assignment
(FM-VHF) from airborne command posts to battalion level units,

The preceding illustrates the need for judicious application of relay
schemes into the present communications structure in Viet Nam.,

The limiting constraints and considerations include:

a, Tactical FM frequencies (VHF) are reported to be allocated
in the following manner:*

Vietnamese
1. 27.0-54,9 MHz or 270 channels of 100 KHz spacing.
The Vietnamese are not presently using equipment

with 50 KHz channel spacing.

U.S. and Free World Forces

1., 20-26.9 MHz or 138 channels of 50 KHz spacing.
This band is used principally by armored units,

2. 55-75,95 MHz or 418 channels of 50 KHz spacing.
Approximately 120 of these channels (69, 9-75.9
MHz) are committed to radio relay transmission
(airborne or other means),

3. 84 additional channels between 27.0-54,9 MHz have
" been obtained from the Vietnamese spectrum and
are allocated by the Military Assistance Command--
Viet Nam (MAC-V),

*""The Management and Use of Tactical Radio Frequencies in the
Republic of Viet Nam,'" Booz=-Allen Applied Research, September, 1966,
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b. Strict regard for platform height and power output to limit
interference with allocation schemes based upon range
limitation,

Table 2-1 reflects typical MAC-V assignments of the channels within
the four corps areas,

It is assumed that the assignments in the 30-54, 9 MHz region were
made using only the 84 channels obtaired from the Republic of Viet Nam Armed
Forces and clearly illustrates frequency duplication or sharing on a non-
interfering basis within each corps area.

2,6.4 Recapitulation, Figure 2-4 is a recapitulation of the above and shows
the principal means of communications employed on an inter-unit basis in support
of the fundamental command elements, Intra-unit communications, main alter-
nate, advanced, and adjacent command post means are not shown for simplicity,

It can be seen that area, network, and point-to-point systems support
the army to corps echelons in predominantly record form (TTY or data), The
same is true between corps and division, however, fewer alternate means exist
in support of a given command element, Network voice and teletype becomes
the predominant means between division and brigade while network voice becomes
the principal means at brigade and below,

2.6.5 Comparison of Area and Network Systems, Section 2,6 offers a brief
examination of the communications support envisaged in the ROAD and RODAC-70
concepts. Application in Viet Nam and maneuver assessment in this country
(operations ''Swiftstrike,' '""We Will, " and others) provide insight into problem
areas in need of improved equipment or application,

These include the following:

a. The area or grid system of communications is difficult to
achieve in areas continuously vulnerable to attack as in
Viet Nam. It is equally difficult to achieve in other than
rolling or average terrain, It requires an expenditure of
combat troops for security and protection since the power
generating and antenna equipment permit easy enemy detection,

b, Manual inter-nodal switching is cumbersome and inefficient
involving excessive operator time and affords little user
confidence. Automatic switching equipment capable of sustain-
ing battlefield abuse is not yet a reality,

c. The area system has not been totally responsive to the commu-
nications needs of large numbers of widely dispersed and in-
dependent combat units or task forces, It would appear that
airborne relay might (1) provide air to air trunking to reduce
the number of ground based signal centers or relay nodes;
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Table 2-1.% Number of Frequencies (30-70 MHz) Assigned
Within the Four Corps Arcas of Viet Nam
(Maximum Power Not to Exceed 25 Watts)

MHz I II II1 IV Total
30 - 31 2 2 2 2 8
31 - 32 11 11 11 11 44
32 - 33 23 23 23 28 o
33 - 34 9 8 8 8 33
34 - 35 15 11 12 11 49
35 - 36 15 7 11 14 47
36 - 37 4 4 8 13 29
37 - 38 17 17 19 23 76
38 - 39 33 19 19 19 90
39 - 40 36 17 24 22 99
40 - 41 26 1 11 8 46
41 - 42 13 2 10 4 29
42 - 43 20 2 7 6 35
43 - 44 26 2 11 9 48
44 - 45 25 1 12 7 45
45 - 46 20 3 12 11 46
46 - 47 17 4 14 9 44
47 - 48 18 12 8 - 38
48 - 49 15 9 6 - 30
49 - 50 13 - 5 - 18
50 - 51 16 2 6 - 24
51 - 52 16 9 6 - 31
52 - 53 11 10 6 - 27
53 - 54 11 10 6 - 27
54 - 55 7 10 4 - 21
55 - 56 11 - 8 3 17
56 - 57 5 1 1 4 11
57 - 58 8 1 1 5 19
58 - 59 5 1 1 5 12
59 - 60 - - - 4 4
60 - 61 - - - 3 8
61 - 62 1 1 1 4 7
62 - 63 1 1 1 5 8
63 - 54 - - - 1 1
64 - 65 1 1 1 1 4
65 - 66 - - - - 0
66 - 67 1 1 1 1 4
67 - 68 1 - - - d
68 - 69 2 - - 2 4
69 - 70 - - - - 0

#"The Management and Use of Tactical Radio Frequencies in the
Republic of Viet Nam (Extracts from Military Assistance Command--Viet Nam
J-6 Records),'" Booz-Allen Applied Research, September, 1966.
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(2) provide a more suitable and controlled environment
for the automatic switching hardware, and (3) reduce the
number of isvlated, ground committed non-combatant
signal support and security personnel,

d. Network voice and teletype systems best support the rapid
and randcm troop displacement used to initiate effective
offensive action against medium and high level counter-
insurgency. Airborne relay may be ideally suited to pro-
viding area coverage (Ground-Air-Ground retransmission
among many net subscribers) consistent with present
convential application as high as corps level,

e. '""Hamlet'" or '"village'" radio networks constitute a vital
defense against insurgent terrorism and propaganda,
These nets established within political and geographic
boundaries might also be served by airborne retransmission
or broadcasting and define a support area limited only by
national boundary,

Since airborne relay can effectively provide support in area systems and
network systems, a numerical recapitulation of the three systems (area, network

and point-to-point) is provided in Figure 2-5 which includes the accounting for
individual multi-channel point-to-point requirements as multi-channel area links,
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Unit

Networks (Single Channel)

Voice

Teletype

Multi-Channel Area Links

Army
(1)

Corps
(3)

Division

(6)

Brigade
(5)

None

None

4 per division
includes a one-
way air warn-
ing net

4 per brigade

30

9 per corps

see secC,
2.3.3.1.2 (b)

3 per division

1 per brigade

48 channels - to each corps

24 channels - main to advance

48 channels - main to rear

48 channels - advanced logistics
command to army rear

12 channels - main to air defense
headquarters

12 channels - among air defense
headquarters and air
groupe

24 channels_ to each ,f 13 subordinate

units (see section 2,3,3.1,2 (a)-1
corps command) from corps main
C.P.

12 channels to each of 4 subordinate

units (see section 2,3.3.1.2 (a)-2

from corps main C. P.

12 channels - to each brigade

None

The number in parenthesis is the total number of units that may be
assigned the next highest command, i.e., 3 corps/army, 6 divisions/corps, etc.

Recap of Area, Network and Point-to-Point Systems

Figure 2-5,
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SECTION 3

RELAY SYSTEMS

3.1 RELAY ANALYSIS AND SELECTION

3.1.1 Objectives and Requirements

This section of the report pertains to the investigation and study
effort performed to determine the characteristics and parameters required of the
relay package to be carried by selected platforms,

The relay study task is grouped into sub-tasks as follows:

a. Propagation Path Loss
b, Relay System Identification ¢nd Tabulation
c. Parametric Evaluation of Selected Equipments
d. Recommendations for Relay Systems
3.1.1.1 Propagation Path Loss, The objective of this study area is to

formulate a mathematical model of ground-to-air propagation which may be used
to define relay coverage area and radio equipment specifications, This model
was programmed for a digital computer, and parametric curves for path loss
for representative terrain and foliage are included for use in analyzing the
selected relay configurations,

3.1.1.2 Relay System Identification and Tabulation, Relay systems
compatible with existing or proposed Field Army ground terminals meeting the
requirements for relaying up to 48 voice channels are identified and their per-
formance tabulated,

Snin e Parametric Evaluation of Selected Equipments, The relative
performance of the equipment selected for relay use in the previous task is
evaluated based on communications system requirements,

3 B, 4 Recommendations for Relay Systems. Using the results of the
previous task, a family of relay systems corresponding to the requirements is
recommended, Where no existing system could be recommended for a particular
requirement, recommendations for hardware developruent are made, Trade-off
studies required to support these recommendations are performed,
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3.1.2 Study Results

The paragraphs which follow describe briefly the results of the
relay study effort,

3.4.2.4 Propagation Path Loss, An idealized mathematical model of
jungle foliage effects has been combined with experimentally determined jungle
electrical parameters,

Parametric curves of ground-to-air path loss are presented for
various values of jungle physical and electrical characteristics, Variability
data are used to estimate margin requirements, The path loss predictions and
variability data are combined to predict the service range of particular relay
configurations,

3.1.2.2 Relay System Identification and Tabulation, The characteristics
of military and commercial radio equipment potentially capable of serving as high
altitude relay components are examined and tabulated. This report contains tabu-
lations and a review of relay system candidates for use in single or multiple
channel applications,

3..4.2.5 Parametric Evaluation of Selected Equipments, In reviewing

the tabulated data on existing radio equipment, suitable equipment has been found
for meeting each of the relay applications requirements, although the systems
require development effort in interfacing with the platform and with ground termi-
nals,

3.1.2.4 Recommendations for Relay Systems, In the review of candidate
systems for the relay functions, no completeiy satisfactory systems have been
located for the requirements of channel cayacity, range, ground equipment, and
platform compatibility, Several configurations combining existing and readily de-
veloped equipment are recommended as the best solutions to the relay problem
for the initial and interim time frames., Studies in particular areas of relay com-
patibility provide guidelines for recommendations for the long-range time frame,

3.1.3 Action Recommended

Preliminary recommendations may be made for the initial time
frame relay systems and for specific work items beyond the scope of the present
contract,

3.1.3.1 Tactical Network Relay, The continurd use of the frequency
translating relay configuration is recommended for the initial time frame., The
low-speed switching common-frequency configuration may be developed rela-
tively quickly, for the interim time frame, and offers somewhat greater com- i
patibility with contemporary pack-set equipment., However, the desirability
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of digital modulation compatibility recommends frequency translation as a long-
term technique, with appropriate adaptations of pack-set and vehicular radios.

The AN/ARC-114 is recommended as the basis of an interim
time-frame relay at VHF, and the AN/ARC-97 at UHF. Both systems require
limited interface electronics development,

3.4.8.2 Multichannel Relay, The use of a HARR type of radio relay
(as distinguished from a satellite relay) for medium capacity multichannel links
is feasible in the initial time frame using equipment designed specifically for
ground-to-air relaying, the AN/ARC-89 (V). The use of such relay facilities
may offer some useful advantages even after more widespread use of trans-
portable satellite terminals is realized. Development of directional antennas
insensitive to platform attitude is recommended for the interim to long-term
time frames.
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3.2 PRINCIPLES OF RELAY OPERATION

grz. 1 Relay Performance Requireme:ts

B 2. dm General, In examining the performance requirements of the
relay package, we will initially ignore the electronic mechanism of the relay
itself, and treat the package as a '"black box.'" Subsequent paragraphs will
examine the feasibility of attaining the performance requirements with partic-
ular relay techniques,

3.2,1.2 Compatibility,

to the time frame constraints. The requirements for interface compatibility
may be stated briefly as foliows:

i

Initial Time Frame: Single''subscriber'' access to
the relay using VHF (30-76 MHz) FM transceivers,
of which the AN/PRC-25 is typical.

Interim Time Frame: Single subscriber access to
the relay using VHF (30-76 MHz) FM or UHF(225-
400 MHz) AM, Field or depot modifications may
Le made to permit or improve relay-mode opera-
tion of transceivers, Multichannel relay may use
inventoried transportable tropo low-level equip-
ment or existing multichannel air to ground relay
equipment,

Long Range Time Frame: Single subscriber access
to the relay using optimal operating frequencies and
modulation modes, but some areas of compatibility
with earlier equipment may be required for com-
munication with military units not equipped with
relay-compatible equipment. Multichannel com-
munication relay by satellite or by medium altitude
platforms. Relay development should follow mili-
tary objectives of conversion to digital modulation
modes. RADA and anti-jamming provisions may be
incorporated,

The other aspect of compatibility is that of compatibility with
the electromagnetic environment, Interference generation by the relay-
augmented network and susceptibility of the network to interference or
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jamming are important design criteria, Since the application of existing
equipment is plannec for the initial and interiin time {rames, the ground
segiment of the system will not be remarkably different from the current
EMC status of ground to ground networks, The relay platform altitude,

however, leads to greater area coverage of interference from the relay,
and lowers the path loss from interfering signal sources. These effects
may constrain the number of relay platform deployed and the number of

channels which each relays for each of the time frames considered,

SN2 3 Range

The service range requirements established in Section 2 of
this report must be interpreted in a probabalistic sense, since a fractien
of the subscribers in a given area will not be able to communicate for one
reason or another, Propagation variability due to foliage inhomogeneity,
unfavorable antenna orientation or environment, and relay antenna pattern
irregularities are some of the factors which contribute to unsuccessful
communications, For this reason, a power margin allowance is made in
the performance estimates to permit relay operation in approximately
99% of the locations within a given range, Conversely, the range corres-
ponding to a given relay power, platform altitude, foliage effect, frequency,
etc, is described in terms of the range for which there is a 99% probability
of satisfactory communications service,

3.2, 1.4 Number of Channels

It is apparent that not all of the FM networks will need relay
augmentation, It is only when an occasional detachment becomes too far
separated or enters foliage too dense for satisfactory communication that
the relay is required. Further it is unlikely that all of the FM nets in the
relay service area would need augmentation simultaneously, Therefore,
there can be some sharing of backup channels and relay subsystems at the

platform,

Since the use of the net with the emergency-only philosophy
is based on relay operation only when direct communications fail, it is
presumed that a relatively small number of relay channels would be re-
quired, The exact number if probably not too critical, The activity factor
for a net is substantially less than 50% (5 '"'subscribers' ezch with 5%
activity factors result in a net activity factor of 22, 6%) and the probability
of an unsatisfactory link in the net is probably less than 10%, so the pro-
bability of a particular FM net needing the relay would be less than 5%.

If a single net has a 5% probability of needing the relay, we
may then compute from the binomial or Poisson distributions the number
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of relay channels required to accommmodate the requirements of N nets

for a particular fraction of the time. If this fraction (the probability of
instantaneous availability of a relay channel) is 95% then for N = 10, 3 re-
lay channels would be requiredl » 4 for N =20, 5 for N =50, and 8 for

N =100, This is plotted in Figure 3-1,

The preceding argument has not included the delay in estab-
lishing circuits in computing the necessary number of channels, If the
delay in completing circuits is comparable to the average message length,
the fraction of useful time on a given channel will be reduced.

There may be some correlation in the usage of a number of
separate FM nets, as military operations (on either side) may be syn-
chronized in a number of areas, so the required number of channels may
be larger than indicated above. The consequence of not having enough
channels is that low priority calls may be delayed, but this is a relatively
minor problem in comparison with a subscriber's having no communica-
tions at all,

3.2,1,5 Multiple Access

A basic requirement is that the repeater be available cither
full-time or on short notice to the net requiring its service., Since the cost
of the relay platform is less per channel hour if it may carry a number of
relay charnels, it is expected that a number of nets will be provided with
relay service by a single platform, As indicated in Paragraph 3.2, 1,4
above, the number of relay channels may actually be somewhat less than
the number of nets served,

There is a choice of autonomous control of the relay or
supervised control, Autcnomous control of access is compatible with un-
attended platforms, such as drones or balloons, but may require modifica-
tion or augmentation of pack-sets to provide control functions, Otherwise,
scparate relay channels may be required for each network in the service
area, Attended control requires a relay order-wire channel, on which
the subscriber needing relay service would call the operator to request
augmentation of his net, Attended control is applicable to either common
frequency or frequency-translating relay systems.

B.2.1.6 Channel Quality

. For the three time frames under consideration the basic
channel quality requirement is that of intelligibility, The long-range time
frame will also require suitable digital error rates and distributions.

l; From a table of the cumulative terms of the binomial
distribution (N=10, 20) or the cumulative Poisson distribution (N>20),
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) A number of factors enter into the determination of the in-
telligibility for a relay-equipped link, some of which are only partially
predictable,

1, Background noise at speaker's and listener's locations,

2. Effect of band-limiting, clipping, and handset response
in transceivers,

8 Internal and external electrical noise at relay and
ground receiver,

4, Interference or jamming at platform and at ground
receiver,
8 Relay intermodulation in amplifiers common to

multiple-access channeis,

6. Effects of relay switching in F, - F, mode, in-
cluding interaction with squelcﬁ.

7. Fading due to motion of platform through spatial sig-
nal irregularities due to jungle inhomogeneity,

8. Fading due to atmospheric effects,

2 Fading due to relay antenna pattern irregularitices,

including pattern moduiation by rotor blade interaction,

10, Rotor blade modulation interaction with receiver
squelch and agc.

Clearly, we are not able to predict the net effect of all of
these terms, as only a few of them relate to channel disturbances which
produce predictable and repeatable effects on intelligibility,

The channel intelligibility is also related to the time allowed
for transmitting a message, since the speaker may add redundancy to the
message by repeating hiraself, and verification of the message may be
exchanged with the listener. To avoid the necessity of defining a message
delay criterion, we have simply used a 10 db signal to noise plus distortion
ratio in a 3 kHz bandwidth as a criterion for minimum satisfactory service,
It is noted, of course, that the time-varying nature of the signal, noise,
and interference as detailed above may produce a degradation of intelligi-
bility comparable to that introduced by thermal noise and distortion.

3.2.2 Relay Configuration
3,2,2,1 General
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It is useful to divide the relay equipment into two categories
based on the up and down-link frequencies. Frequency translating (F_ -F )
relaying is a conventional technique used in connecting line of sight or
scatter communicaticns links in tandem or for satellite relaying. The {re-
quency separation permits the use of filtering to keep the transmitter power
out of the receiver passband, permitting full duplex multichannel operation.

Common frequency (FI-I-' ) techniques have been applied in
telephone relaying, passive reflector relaying, or time shared relaying as
used in the Courier satellite, F . -F.  relay packages using rapid receive-
transmit switching have been developed, (ref, 3,2-1) and work is in pro-
gress on non-switched FI-Fl relay packages,

These configurations of the relay package impose a number
of constraints on the azpplication of relay techniques for tactical applications,
as will be considered in the following paragraphs.

3.8 8.2 Frequency Translating Relay

3.2 Be2a ) Configuration

Figure 3-2 illustrates the arrangement of an F -F_ relay
package, with a diplexing filter to prevent transmitter power from entering
the receiver. In some fixed applications, separation of antennas for two
path directions would provide adequate R-T isolation, provided that the relay
serves a single channel in push-to-talk operation.

3.2.2.8.8 Opecrational Considerations

In a conventional FM net, any subscriber may initiatec a mes-
sage to any other. AIl activity on the net is audible to each subscriber,
Break-in is possible only by a subscriber whose carrier level is higher at
the desired receiver, although the breaking-in subscriber may not be audible
to other subscribers,depending on the path losses.

In a conventional PRC-25 relay configuration, subscriber A
and subscriber B may operate on frequencies F. and F_ respectively, using
conventional PRC-25 transceivers. This assumes that A and B know, a
priori, that the relay will be in operation.

There are two configurations of frequency translating relays
wit  different network constraints. The first configuration is compatible
with single frequency transceivers, while the second configuration requires
separate receive and transmit frequencies at the transceiver, The first
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configuration is shown in Figure 3-3.(a) Note that while A can talk to B
and C via the relay, he cannot talk directly to B and C. Subscriber B can
talk to C, but does not have the advantage of the relay unless he switches

to A's frequency. Traffic can be relayed verbally by A, but at some expense
in operating convenience and contrary to standard procedure.

It should also be noted that if B is talking to A, C many not be
able to tell that the channel is active, and may interrupt B's message. While
A can tell C to stand by until B has finished, this does slow down net opera-
tion, and does not protect priority traffic,

A further consequence of the above relay configuration is that
if the relay is inoperative, either A, B or C, etc. must switch to a common
frequency. It would presumably be designated in the SOI which subscriber
would be responsible for changing.

The second frequency translating relay configuration is shown
in Figure 3-3, This configuration requires a simpler relay package
and is symmetrical with respect to the subscribers. Since all traffic is
passed through the relay, each subscriber can listen to all net traffic, and
has substantially the same break-in capability as with the conventional FM
net. If the relay is inoperative each subscriber must change to a common
receive-transmit frequency.

. Both of the above configurations assume that the relay is
dedicated to a particular net. In order to keep interference from the relay
to a minimum, it would be advantageous to use the relay only when neces-
sary. The subscriber who finds himself out of contact with one or more
other subscribers in the net must switch from the normal net frequency,
F., to the relay channel, F,. The relay translates his signal to F, where
it is audible to all subscribers in the net. The called party must also switch
to F, - transmit in order to be heard by the calling party. Other net sub-
scribers may talk among themselves and may hear the other conversation,
but can only enter the conversation by switching to F, -transmit. Since the
receive frequency is fixed, all net subscribers may be informed of the use
of the relay. This mode requi-ed assignment of an exclusive second fre-
quency for relay operation. Since the relay channel will be used only inter-
mittently, interference will be minimal. An AN/PRR-9 receiver added to
the PRC-25 would provide the needed second channel.

. If the relay is supervised by an operator (either at the plat-
form or connected by a subsidiary data link) the operator may route traffic
to a small number of relayed channels, which may be used more efficiently,
although the increased activity on the relay channels will increase the inter-
ference generated on these channels. In order to obtain relay service, a
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subscriber calls the relay operator on a SOI-designated order-wire channel,
and identifies his net. The operator then directs him to a relay channel
(which may or may not be prearranged channel for the particular net) with’
a new up-link frequency and the previous down-link frequency, The calling
subecriber is heard by all other net subscribers. The called party then is
requested to switch to F_ - transmit for the temporary relay connection.

All transmissions on F_ are audible to all subscribers, but the subscribers
not requiring the relay may remain in the F, FM net mode. Again, use of
the PRR-9 as an auxiliary receiver will provide the two-frequency capa-
bility required.

Since various FM net subscribers desiring use of the relay
call on a common order wire channel, and may not be able to hear one
another, they may interrupt each other's requests for relay service. This
is the same problem which faces taxi dispatchers, whose receivers are
often captured by nearby taxi s{gnals in the middle of a transmission by
another taxi. Their response is to tell the interfering taxi to wait until
the dispatcher calls him back, which should be equally acceptable in the
relay request procedure.

There remains a problem of how to get the relay channel
back into the pool when it is no longer required. A particular subscriber
might need the relay for only a few seconds, or he might nced the relay
for twenty minutes or more for directing artillery fire. Perhaps the best
answer is for the use of the relay for more than, say, one minute on an
exclusive channel basis to require authorization from an appropriate level
of command. That is, the operator would accept individual calls from
anyone for a l-minute maximum, and would provide ''hot line' service on
proper authorization.

32:2.2.3 Relay Electronics

Several problems relating to the relay electronics result
from F -F_ operation. Separate transceivers (or special purpose single-
channel relay equipments) should be used for each channel, as there is no
synchronism between the push-to-talk activation on the various channels.
Therefore, the receivers must be protected against blocking, overload, or
spurious response. This is accomplished partially by choice of operating
frequencies and the usec of diplexing filters, as described in 3.2, 2.2.1
above. Since the receiver squelch may be used to activate the correspond-
ing transmitter channel, it is important that the squelch fiot be operated by
other transmitters in the relay assembly,
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Where amplifiers common to several channels are used, as
in receiver preamplifiers or transmitter power amplifiers, the distortion
generated by amplifiecr overload must be considered in relation to the weaker
signal levels.

Multichannel relay equipment would utilize similar diplexing
filter and wide dynamic range receiver techniques to separate the receiver
and transmit paths. If conventional FDM-FM modulation is employed, the
relay transmitter needs no special linearization to handle multiple channels,
and can be operated in a saturated mode.

g.8:2.9 Comimon Frequency Relay

3.2.2 3.7 Channel Requirements

The attractiveness of common frequency Fl - F , relay
operation is largely based on the apparent requirement for a single RF
channel and a single transceiver for each net using a relay. However, the
operational use of a relay may require more than one channel, and out-of-
band interference generation and vulnerability may also require more than
one channel per net.

Much of the weight saved with the single transceiver may be
required for the commutation timer, the memory, and other switching cir-
cuitry for a commutated relay, or for the phase control circuitry pre-

sumably needed in a non-switching Fl-Fl relay.

Duplex operation of a passive reflector F -F1 relay requires
two rf channels. Path loss considerations limit the use of passive reflector
devices to multichannel point-to-point relaying.

3.2.2.3.2 Relay Configurations

The relay corfiguration of Figure 3-4 is basic to the com-
mr:tated F -I:‘1 relay, consisting of a receiver, a memory device, and a trans-
mitter. ’I'Le memory device, which may consist of a magnetic tape memory
for a Courier-type relay, or a holding capacitor in a rapid sampling relay,
is loaded while the antenna is connected to the receiver, and unloaded with
the antenna connected to the transmitter.

Since the commutation rate is independent ° the applied
modulation, a multiple channel relay equipment may tui.. on all receivers
or all transmitters in synchronism, avoiding the receive-transmit isolation

problems of the Fl-FZ relay.
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The ron-switching FI-F relay (a VHF FM version of which
is currently under development under an ECOM contract) presumably em-
ploys antenna polarization or mode isolation together with coherent genera-
tion of a time-quadrature carrier in a manner similar to a CW radar in
order to obtain R-T isolation. A development effort for a similar relay for
UHF AM operation has been initiated by the Air Force Systems Engineering
Group at Wright-Patterson AFB. Development of a non-switching F -Fl
relay for more than one RF channel appears to be a formidable task.

A passive reflector link involves the same basic terminal
configuration as would be associated with a line of sight link, with the re-

flector providing an improved path-loss situation.

3.2.2.3.3 Operational Considerations

There are several features of the F_-F_ relay which lead to
problems in relay applications. If the relay operates on the original FM
net frequency (as assumed in claiming single frequency operation) some
subscribers will receive signals both from the relay and directly from an-
other subscriber, leading to potential system degradation for some sub-
scribers as the price for improving performance for other subscribers. If
the switching rate of the FI-F equipment is well above the audio range,
the relay could readily gcnerage interference, poscibly over several adja-
cent channels. I

These problems may be alleviated somewhat by using the
relay on an as-required basis. One means would be to use a second channel
for relay operation, negating the channel requirement advantage. Each
subscriber would require an auxiliary receiver tirmed to the relay frequency.

If the relay is supervised by an operator, a subscriber needing
augmentation of his range may call the operator on an order wire channel to
request service, then return to his original net frequency, where the
operator will provide temporary relay service. There is still the possibility
that subscribers in the net who did not need the extended range may {ind
their circuit degraded by multipath.

Use of a switching F,-F . relay may pose problems of com-
patibility with digital modulation modes, the use of which will become in-
creasingly important in the next few years, '

3.2.2.3. 4 Switching Rate Considerations

The switching rate of a commutated F_ -F_  relay as shown in
Figure 3-4 is important in determining the performance of the relay
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itself as wcll as the ‘nterference generation and vulnerability interfaces with
other systems.

The following factors have been considered in attempting to
estimate Fl-Fl relay performance potential:

a) Receiver IF pulse response

b) Receiver squelch rate

c) Intelligibility of chopped speech
d) Relay output spectrum

e) Ground echo return

f) Precipitation echo return

In response to a series of carrier pulses, the rczeiver IF
will provide a response similar to a low-pass filter of half the IF bandwidth.
For the 36 kHz PRC-25 bandwidth, the response shape is therefore similar
to an 18 kHz low-pass filter. Figure 3-5 (ref. 3,2-2) shows the res-
ponse corresponding to a fixed repetition rate and various values of equiva-
lent low-pass bandwidth. If the repetition rate is less than 0. 25 of the IF
bandwidth, the carrier will decay to zero during the pulse interval. As the
receiver will be provided with enough gain to limit on background noise,
the output noise level may rise to a level comparable to the signal level in
the inter-pulse interval. The receiver squelch time constant is typically a
few hhundred milliseconds, so the squelch will not be able to suppress the
noise burst, and a severe degradation of the signal to noise ratio will result.
For lower carrier to noise ratios, the degradation will extend to higher
switching rates than for high carrier to noise ratios, since the carrier may
more easily drop below threshold.

Miller and Licklider (ref. 3,2-3) have investigated the effects
of switching speech on and off at various rates, and the effects of alternating
speech and noise. Figures 3-6 and 3-7 show some of the results of
this investigation. It is particularly noteworthy that articulation reaches
a peak at switching rates of the order of 20-50 Hz, and reaches a minimum
at frequencies of several hundred Hz. For switching speeds of the order of
10-15 Hz, the presence of noise in the gaps makes speech more acceptable
although it does not improve the intelligibility.

For rapid switching rates, an appreciable fraction of the sig-
nal spectrum falls outside the IF passband, resulting in an increasing loss
of carrier to noise ratio up to the point where the first switching sidebands
are located beyond the IF passband. The power lost in this manner is of
the order of 10 db for cosine-squared keying waveforms with 3% transmit

duty cycle, as used in Motorola's experimental Fl-Fl relay (ref. 3.2-1),
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This power loss may be overcome by increased transmitter
power on the down-link, although there is a loss due to the reduced relay re-
ceiving period on the up-link which cannot be compensated, Since the com-
ponents of the switching spectrum are each modulated by the original audio
waveform, there will be a range of switching speeds where the FM spectra
around the carrier and around the first switching sideband are both within
the IF -discriminator passband, producing distortion. This suggests that
ewitching rates of the order of half the IF bandwidth plus the peak deviation
are needed to minimize distortion,

Echos of the relay output signal from the ground may degrade
the relay receiving signal-to-noise ratio, and may confuse the squelch ac-
tivation of the transmitter,

The various factors described above have been combined to
give a postulated relationship of switching rate and articulation, in Figure
3-8. Apart from the low-frequency asymptote at 50% articulation, the
values are all uncertain, and are intended only to indicate trends, The re-
lative magnitude of the low and high frequency articulation peaks is like-
wise uncertain, A comprehensive experimental program would be expected
to be more productive than theoretical investigation, * in view of the inter-~
action of electrical and psychoacoustical phenomena,

As previously noted, once switching speeds are below the
Nyquist rate, the relay will not be compatible with noisynchronous digital
modulation formats,

3,2.2.4 Summary

Several considerations have been discussed above bearing
on the selection of Fl-Fl or FI-F relay modes in terms of overational:
restrictions, relay-transceiver in%erfaces, and relay realization, Pre-
liminary conclusions are that:

1) For the initial tirne frarne, F,-F_ relaying is most
r . ) 172
likely to provide useful service,

% A brief qualitative investigation of speech performance with
various switching rates conducted by Page Communications Engineers, Inc,
verified the low frequency maximum, but failed to show a high frequency
peak. The need for more detailed measurements is evident,
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2) Compatibility of a single transceiver FJ-F relay
with AN/PRC-25 type equipment requires issuing %.N/PRC-9
or similar receivers for second-frequency operation,

3) Frequency allocation problems arnd varying military
estimates of the demand for relay service suggest that super-
vised relays with limited numbers of channels may best serve
the initial and interim requirements,

4) F.-F, switching relay equipment utilizing low speed
switching appears to be compatible with VHF-FM tactical
radio equipment, and may be implemented simply enough to
be considered for the interim time frame, but is not com-
patible in general with digital modulation modes,

5) Non-switching F.-F, relay development may lead to

improved channel quality, but does not appear to be suitable
for simultaneous relaying of 2 or more channels,
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3.3 PROPAGATION
308. 1 Design Criteria
3.3.1.1 Line of Sight Systems, Line-of-sight system design must

provide adequate protection against the three most serious sources of prop-
agation degradation, These are:

1. Earth bulge fading
2. Destructive interference fading (multipath)
3. Space wave fadeout associated with ducting

In additior, protection must be provided against precipitation ~bsorption out-
age for paths sufficiently high in frequency for this to become a factor. For
VHF and UHF relay operation, the precipitation effects can be ignored. The
relay antenna height is also sufficient to minimize problems due to space wave
fadeout. In cases where a terminal is immersed in a jungle media, the propa-
gating ray, once free of the jungle canopy, lends itself to the line-of -sight
analysis described here.

B.3.2.4.1 System Margin

The available system margin A (defined as the maximum per-
missible attenuation below free space for a specified grade of service) is
given in db by Norton, et,al, (ref. 3.3-1) as

At B o Bepil,, - L 5k

where P is the transmitter power in decibels above 1 watt
G is the path antenna gain, equal to the sum of the maxi-
mum gains Gt and Gr of the transmitting and receiving

antennas, less any polarization and beam orientation loss

P is the operating sensitivity of-the receiver in decibels
above 1 watt

Lbf is the free-space path loss
Ltt is a loss factor which allows for transmission line loss
and mismatch terms
e is a loss factor which allows for antenna circuit losses,
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For a path length d (in km) and a radio frequency f (in MHz), Lb is given by:

f

Lbf F 32. 45 + 20 loglof +20 loglod

The data presented herein are developed on a probabilistic
basis with some allowances for the range of atmospheric conditions which
may be encountered. In this section it is assumed that the ground terminal
is in a cleared area free of the jungle canopy. For any particular point-to-
point path, sufficient meteorological data and path terrain profiles could be
developed to permit a detailed analysis by deterministic methods. However,
such a procedure appears ineffectual for the air-to-ground relay since move-
ments of the platform by a few centimeters can significantly alter the calcul-
ated results,

3,3,1.0..3 Propagation Geometry

The path loss between the ground based transmitter (or top of
jungle canopy) and relay is calculated wi*h the geometric representation
shown in Figure 3-9.° The slant range, r_, is determined from the ground
distance, d, and the relay hecight, h . As the relay continues to in-
crease in distance from the ground transmitter, the angle 6 (measured from
the zenith) increases, The horizon is reached and line-of-sight transmission
ceases as 0 approaches ~ 90 degrees, Figure 3-10 illustrates the slant
range for several platform altitudes,

The refractive nature of the troposphere and the variations of
refractive index with altitude alter the path of the line-of-sight transmission..
The gradient of refractivity (dN/dh) determines the amount of ray bending.
When the gradient (dN/dh) is positive, rays will be bent upwards; when the
gradient is negative, they will be bent downwards, It is customary to allow
for this bending by employing the concept of an effective earth's radius wherein
the curvature of the rays is subtracted from that of the earth to determine an
artificial earth of radius a = ka (where a, = 6370 km). Using this method, the
propagation path may be represented with straight lines and the effective earth
ratio, k, is given by:

The local refractive index, n, is determined (ref. 3.3-2) from
the published values of refractivity, N, by:

n = 1+ (N) 1o'6
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Figure 3.9

Relay Geometry
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The gradicnt (dn/dh) is similarly obtained from values of dN/dh by:

dn/dh = (dN/dh) 10'6

5.3.1,1.3 Farth Bulge Fading

During certain percentages of time, the refractivity gradient
of the troposphere increases to values which yield a small effective earth's
radius, As the radius decreases, the bulge of the earth may obstruct the
line-of-sight path, During this percentage of time, the path loss increases
rapidly as the propagation mode changes to diffraction or troposcatter. A
quantitative discussion of the probable earth bulge fading effects is covered
in Section 3, 3.3, Propagation Variabilities,

3.3,1.1.4 Destructive Interference Fading

Since it has been determined that very little antenna gain can
be used effectively, it is necessary to make appropriate allowances for multi-
path interference. In contrast with earth-bulge fading, phase interference
fading ariscs from large negative values of dN/dh, permitting a phase differ-
ence of n7 radians between the direct and reflected ray. Interference fading
may generally be negated by means of space or frequency diversity. This
type of fading may be expected to be most severe on paths with smooth ter-
rain, Therefore, -consideration of multipath with a smooth earth model pro-
tects the systems against the worst-case situation.

If the phase difference between the direct and reflected rays is
designated 27 V(f), and a phase change of mradians on reflection is assumed,
the attenuation (with respect to free space) due to addition of the two waves at
the receiver is given by:

A(f,k) = 20 log, . | 2 sin[nv(f,k)] |
10

for a specified effective earth's radius constant, k. This simplified model is
conservative, in that any focusing or defocusing of the reflected ray tends to
decrease the maximum possible value of A (f,k). It may be demonstrated that
for a grazing ray, V(f, kg) = 0; and, V(f,k) increases monotonically with in-
creasing k, i.e., with decreasing dN/dh.

In the high altitude relay instance, the statistics of short-term
phase-interference fading can be represented by a Rayleigh distribution. This
model has been widely used for system design where a multiplicity of para-
meters (such as platform height and movement, terrain features, etc.) are
uncertain, Figure 3-11 indicates that a fade margin of 38 db should provide

* R. L., Marks, et al., '"Some Aspects of FM design for Line of Sight
and Troposcatter Systems', AD 617 686, April, 1965, p. 53.
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a 99.99% short-term reliability, Frequency diversity, with a frequency
separation of approxinately 5% yields the same percentage of interference
protection with a fade margin of only 18 db.

3.3.1.2 Propagation Through a Jungle Canopy

31, 3} k.28 1 Analysis

The phenomenon of radio propagation loss introduced by jungle
foliage has been observed for many years and has reccived particular atten-
tion under the pressure of military operations in Southeast Asia. In an effort
to improve tactical radio communications in this and similar arcas by the use
of high altitude airborne relays, it is necessary to develop models for
air-to-ground propagation over terrain characterized by mountains, jungle,
foliage, and tropical climate conditions,

In other areas where counterinsurgency operations might be
required, quite different propagation conditions may exist. It would appear,
however, that the propagation to be expected in deserts, tropical grasslands,
or temperate climates would be more accurately predicted by contemporary
theory than is tropical jungle propagation. For this reasen, and for the im-
mediate time-frame application of relay techniques, the study has concen-
trated on the jungle communications problem as observed in Viet Nam and
Thailand.

Extensive measurement programs Lave been conducted in Thai-
land to determine the radio characteristics of jungle foliage and to evolve
techniques for the prediction of the range of communications equipments. A
selected bibliography of references to jungle propagation and related topics
is presented in Section 3, 6,

The approach taken to the prediction of path loss for a ground
transceiver to airborne reclay is to divide the loss into two components,
The first component is a systematic loss computed on the basis of an idealized
slab model of the jungle foliage. The second component is a statistically des-
cribed loss representing the inhomogeneity of the real jungle, the effect of the
foliage on the transceiver antenna pattern, and the angular fluctuation of the
antenna gain at the relay platform. It may be possible and useful to sepa-
rate the latter term, Experimentally determined electrical parameters of the
jungle are used in computing the systematic component, Measured distri-
butions of the difference between actual loss and systematic loss serve to
provide estimates of loss variability.
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The following paragraphs describe the propagation analysis and
computatioral procedure, the results of the computations, and the implications
for the design of relay systems.

8.3.1.2.2 Propagation Model

For a number of years a growth of vegetation has been regarded
as a lossy dielectric for purposes of radio wave propagation. Gerber and
Werthmueller (ref. 3.3-2) measured quite directly the intensity of electric
polarization of the trees of a forest as a function of temperature and type of
tree, From these measurements, they then predicted and subsequently veri-
fied by measurement the path loss for medium frequencies for propagation
through forest. Quite recently Sachs and Wyatt (refs. 3.3-4 and 3. 3-5),
assuming antennas located in a slab of lossy dielectric between earth and air,
have performed an incisively analytical integration of the traditional Bessel
transforms (ref, 3, 3-6) generally descriptive of propagation in and near lossy
media. In reference 3.3-5 Sachs correlates the measurements of Jansky and
Bailey (ref. 3,3-7) with predictions based on his analytical representation and
finds a very substantial agreement (compare pages 46 and 55 of ref. 3,3-5) --
to within 1.5 db for the 6 - 100 MHz range and to within 4 db for the 250 - 400
MH:z range. Lateral wave propagation has been studied by Tamir (ref, 3.3-8)
for jungle to jungle communications with results in general agreement with
those above,

Altliough the Bessel transform is an elegant and properly gen-
eral representation of propagation, it is reccgnized that it corresponds in the
general case to a superposition of plane waves (comnpare ref, 3.3-6, page 577)
and in suitable circumstances may be replaced by a plane wave or ray reprec-
sentation. In the instance of propagation between a jungle-based antenna and
an aircraft-based antenna, it is sufficient to consider a direct and a ground-
reflected ray because any additional rays are too attenuated to contribute sig-
nificantly to the net result,

A computer sub-routine of a larger propagational program has
been established to compute the pattern of interference between the direct and
ground-reflected rays in the air space above a jungle-sited antenna. More
specifically, referring to Figure 3-12 inputs to the computer are permea-
bility, permittivity and conductivity for earth and for jungle and--as the pro-
gram stands--values of permeability and permittivity different from unity
may be specified for the air-space, should one wish to do so. Additionally,
depth of jungle and height of antenna as well as frequency and polarization
are inputs. A quarter-wave dipole is assumed in the expectation that
the phased gain of an actual source would be similar to this,
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The output of the subroutine is the amplitude of the interfering pair of rays
versus whatever schedule has been specified for the independent variable,® .
o

3.3,1.2,3 Propagation Analysis

For a conducting medium, Snell's law requires that 8, of

Figure 3-12 be complex. This corresponds to a real angle of propagation
deterrnined by

2 2
Re \/k. - ka sinz 90
cos § = _ —L
; Fo e 2
o Yk, -k . sinz 8 ) +k . sinz 8
j a o a o
where ¥ = angle of propagation
ka = complex propagation constant in air
kj = complex propagation constant in jungle
60 = zenith angle of relay platform

This angle is used together with the antenna height h_ and the jungle height d to
compute the direct and indirect ray lengths within the jungle and the distance
between rays at the air-jungle surface. The ray lengths are used with 91
(Figure 3-12) to compute attenuation and phase lengths of the two rays within
the jungle., The phase length of the direct ray is augmented by the projection
of the distance between rays at the jungle-air surface. The reflection coef-

ficient at the jungie-ground surface is computed as in Stratton (ref. 3,3-6, pp.
493, 494).

The properly phased and attenuated rays are combined at the
plane E-E of Figure 3-12, The absolute value is multiplied by transmission
coefficients, following generally Stratton's development (ref. 3.3-6, pp. 495,
496). For vertical polarization the square of the transmission coefficient is

) ) 5
2 2 2 2 2
L2 4 | ka/kjl cos 0 _ ;\/‘;e k" - k" sin °o) +k " sin 0
v p. k cos 2
H+ "kj. S : Re ka-k‘zainzoo-
n - .
i “a 2. 2_ 2
-\/kj ka. sin eo
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where 10 = transmission coefficient for vertical

v . .
polarization
M, = permeability of air
,Jj = permeability of jungle

and for horizontal polarization is

2
52 . 2 ) 2 .2
k. -k in"g |+k " sin @
5 4 I ka./kjl GO8 eo ;\/L;\e\/ j a Lo o a o)
Tl . K cos 9 2 g . 1
) _a g Re\/k.” =& " sin” 8
1+ j “a (o)

m
a"\/k,z-k 2sinze
V7 a o

These coefficients account for the increasing divergence of rays emerging from
the jungle at 6 for real incident angles wc at which total reflection occurs (T=0).
For small conductivity the critical angle to good approximation is

i = 3 .l-
“c = arc sin [g

j

where Kjis the dielectric constant of the jungle,

This procedure has been converted into a Fortran - IV Program
with the following input/output requirements.

The input data required by the main program are:

Slab model constants

Antenna data (relay)

Antenna data (jungle)

Canopy height

Frequency

Reference atmosphere, N

Height of relay s

Earth distance from relay to jungle antenna

Fmrme a0 op

From this, the program computes and prints the following
outputs:
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a, Total path loss, including jungle propagation, ‘ree
space, grouna reflection within the jungle and atmospheric absorption.

b, The elevation angle outside the canopy computed from
the distances, reference atmosphere and heights given,

(- The elevation angle inside the canopy computed from
boundary conditions determined by the slab constants.

3.3.2 Propagation Predictions
3.3, 2,1 Introduction

From the results of the computer program described in the
previous section, parametric curves of the systematic component of path
loss have been prepared. The computer program, in effect, translates the
radiation pattern of a vertical radiator immersed in the jungle into an
effective free-space pattern in the half-space above the jungle. It includes
the effects of the amplitude and phase of the ground-reflected ray, attenua-
tion and retardation of the direct and reflected rays through the jungle,
transmission loss (partial reflection and dispersion) through the jungle-air
interface, and coherent combination of the resultant two rays in a plane nor-
mal to the dircction of free-space propagation. It is assumed that a path
through the jungle media incurs higher losses than normal line-of-sight (free-
space) propagation. Thus, this section is weighted toward jungle propagation
analysis,

8.9.2.2 Loss Dependence on Relay Height

For the transceiver to relay path geometry indicated
in Figure 3-9 and Figure 3-10 the systematic portion of the
path loss has been computed. Figures 3-13 and 3-14 show path loss in db
(consisting of free space loss plus loss in penetrating the jungle, as above)
versus lateral distance between the ground transmitter and the sub-relay
point. These figures contain six curves parametric in relay height h, accord-
ing to the schedule h. =0.3, 1.0, 3.0, 10.0, 30.0, 100.0 km. The curves are
presented for 30 and 76 MHz and for a canopy height of 20 meters. The antenna
within the jungle is assumed to be a quarter-wave whip at 76MHz and corres-
pondingly shorter, electrically, at 30 MHz,

Electrical constants are:

Air Jungle Ground
Conductivity ¢ 0 . 00015 . 02
(mho/m)
Permittivity er 1.0 1. 02 15. 0
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The jungle constants zbove are based upon Parker and Hagn's mecasurements
of specific permittivity (ref. 3.3-9) and Sach'c best fit value of conductivity
(refs. 3.3-4 and 3.3-5). Prior measurements by Parker and Hagn have in-
dicated values of permittivity of the order of 1. 2.

3 3.&3 Sensitivity to Jungle Parameters

Since Parker's and Sach's analyses agree for representative
values of jungle conductivity no specific analysis of sensitivity to this para-
meter has been performed. However, Sachs has computed curves between
two antennas iimmersed in the jungle for ¢, = . 0001 and ¢. = . 0002 (refs. 3.3-4
and 3, 3-5), and these can be used to obtain some idea og the sensitivity to oj.

While Parker's early transmission line measurement indicated
a value of €, = 1,2, Sachs uses a value for permittivity € = 1, 02 in his analyses.
These valuds have been used here. Figures 3-15 and 3-616 have been plotted
to illustrate the sensitivity of path loss to €5 These curves are for 30 and
76 MHz respectively,

It may be seen that little sensitivity to €. occurs at high ray
angles; however, as the ray angle approaches the horizon varying amounts
of path loss reduction with increasing ej are evident from the curves, Figures
3-17 and 3-i8 illustrate the effects of jungle canopy height. These are
plotted for 30 and 76 MHz at canopy heights of 10, 20 and 30 meters.

3.3,2.4 Effect of Dipole Antennas

The principal effect of the dipole antenna pattern is some
reduction in path loss at longer ground distances, and a rise in loss at ex-
tremely short ranges, corresponding to the nulls of the dipole pattern, Por-
tions of the curves corresponding to more than 30 db total null depth at high
angles are unlikely to be recalized due to the uncertainties of antenna orientation

stability and fill-in resulting from jungle-scattered cnecrgy at other angles.

The small bending or distortion in the curves is due to the interaction of the
antenna pattern, the ground reflection and the canopy-air boundary refraction.
The pattern differences between clectrically short and quarter-wave whips are
small due to the normal higher angle of operation and scattering within the jungle,

3.8.4..5 Antenna Gain for UHF Multichannel Relay

When operating at frequencies in the range of 1700 to 2200 GHz,
antenna gains in excess of 20 db would normally be used, When examining the
path geometry using a relay platform, it is obvious hi: the vehicle could be at
any elevation angle from 0 to 90 degrees and at altitudes ranging to 10 km
or more, Since this range is large, it appears infeasible
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to :sc¢ a highly directicnal antenna on the platform. In addition, it is
pessible that the tactical unit requiring the relay support may not be in a
ncsition to aim the ground antenna; and, it is conceivable that the relay could
be near the horizon,

From the foregoing it would apnear that the antennas for use
on the airborne platform should be omni-directional and that ground antennas
should have relatively broad azimuthal patterns, Since the greatest path loss is
encountered at low elevation angles, gain in the elevation plane might be useful
with the cosecant-squared type of antenna pattern used in some radar applications,

3.3.2.6 Allowable Path Loss

An alternate presentation of the data may be useful in visuali-
2ing platform height-system gain tradeoffs. Here, required relay altitude
is plotted against ground distance parametrically in allowable path loss.
Curves of this type are presented in Figures 3-19  and 3-20. The curves
are plotted for a canopy height hc of 20 meters, oj of . 00015 mhos and ej of
1. 02 at frequencies of 30 and 76 MHz,

It should be noted that these curves (3-13 through 3-20 do

not include the variational component, which defines the additional path loss for
a particular fraction of time,

3.3.3 Propagation Variability

gl. 8, 3,71 Within the Jungle Canopy

Path losses computed for propagation through the jungle are
median values, based upon average clectrical parameters of the jungle. In
actual fact, there are discontinuities (such as tree trunks and branches) and
voids large compared with a wavelength, which result in substantial spatial
variation in received signal with small displacements about any location,
Further, the assumption of a smooth (compared to a wavelength) interface
between the jungle and air breaks down with increasing frequency. Sachs,
(ref. 3.3-5, FIGURES 19, 20) presents distributions of differences between
predicted and measured path losses between two antennas immersed in the
jungle., These curves are Gaussian in shape and display the following charac-
teristics:

Frequency Range, MHz Median Error, db Standard Deviation, db
6 - 100 -1.5 6.0 I
250 - 400 -4.0 1.5
]
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Somewhat more directiy applicable data are available, however, for the VIIF
ground-to-air case. An SRI report on measurcements between an aircraft and
a ground transmitter through dense Eucalyptus foliage provides somie directly-
scaled loss statistics (ref. 3, 3-10). Figure 3-21, which is replotted from
FIGURE 26 (c) of ref. 3.3-10, shows the distribution of measurcments of path
loss exceeding the median.

As previously noted, SRI has performed a series of measure-
ments of air-to-ground propagation in Thailand using a helicopter-towed
XELEDOP transmitter, and is currently engaged in analysis of the resulting
data. When available, these data will provide a further basis for the varia-
tions of path loss to be expected.

In the absence of these measurements, the distribution of
FIGURE 3.3-13 can be used to determine margins necessary to assure a
specified probability of service for a one-way link. For a 90 percent pro-
bability (probably adequate in view of the possibility of a avoiding deep nulls
by small movements of the antenna)} it can be seen from Figure 3-21 that
a 15 db margin is required; for 99 percent, 20 db becomes necessary.

In a link containing a relay, if the relay involves a limiting
process, the signal power will remain constant at the demodulator inputs
while the noise powers add for the uplink and for the downlink. By convolving
the single link loss distribution of Figure 3-21 with itself (using a numeri-
cal process employing a Stieltjes diagram®) the distribution of the signal var-
iations for two tandem links with equal median power may be obtained. Since
the signal level is held constant, this distribution (Figure 3-22) may be
used to determine the margin required on cach of two tandem links for a par-
ticular probability of the link being satisfactory. For example, if the desired
reliability is 90% then a margin of 9. 5 db must be provided for each link of
two tandem links.,

Both of these curves (Figures 3-21 and 3-22) should be re-
vised when the data from the SRI airborne YELEDOP tests becomes available.

3.8, Bn 2 Variability for UHF Multichannel Communication

In this section, the multichannel relay is assumed to be free of
the jungle canopy. The slant range to the platform, as shown in Figure 3-10
has been computed for different elevation angles and platform altitudes. While

* By Stieljtes diagram is meant, for random variables x, y, a
planar plot on x-y coordinates of equal Stieltjes probability measures
dPj(x)dPp(y). This unit measure is usually taken as 1% but may, of course,
be taken larger or smaller to suit circumstances and convenience.
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the range increases considerably at angles below lo, the probability of outage
due to earth bulge fading increases significantly. At these angles an addi-
tional margin is required to provide the desired long-term reliability. Lack-
ing detailed meteorological data for specific paths, the CCIR procedures for
earth space links are used. A frequency of 2 GHz has been choscn as typical
for this application. Figure 3-23  indicates that an allowance of 12 db is
required for a median level reliability of 99% at a zero takeoff and a slant
range of 300 km. Allowances for long-term effects are sharply reduced if
elevation angles significantly below . 03 radians (1. 7 degrees) are not used.
For angles above this, a monthly median reliability of 99% is obtainable at a
slant range of 300 km with a margin of 6 db.

The preceeding analysis has demonstrated that the effective
communications range of the relay is a function of platform altitude. For a
given slant range, the required long-term margin is less at the higher altitudes
or angles. Exclusive of jungle considerations, the total path loss, including
allowances for both long and short term fade margins, is shown in Table 3-1,
These values have been calculated to include the effects of platform altitude,
but exclude antenna gain considerations. The required fade margin for 99.99%
interference reliability can be reduced by some 20 db by the use of frequency
diversity with a 5% frequency separation., Space diversity may also be used
to improve the situation.

3.3.4 Propagation Implications for Relay Design

3.3.4.1 Introduction

The primary reason for examining the air-to-ground path loss
is, of course, to define the necessary relay power output, receiver sensitivity,
and antenna gain for a given communications requirement based on analysis
of the tactical problems. Conversely, for bounded relay parameters, the
range for a given probability of satisfactory service may be determined.

Those relay configurations in which broadband receivers
(covering more than one RF channel) are used will be exposed to signals of
different levels, depending on the range and jungle absorption or re-radiation
of particular emitters. It is neccessary to evaluate the distribution of ampli-
tude differences as a means of determining relay dynamic range requirements,

In increasing the range of tactical radio sets, the relay will
extend the area over which co-channel interference will be experienced. This
is an inevitable price to be paid for increasing the range, but must be evalu-
ated to determine the extent to which frequency allocations must be changed.
The interference analysis is also applicable to the evaluation of jamming sus-
ceptibility.
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3.3.4.2 Service Range

3.3 4. 2,1 VHY -FM Service Range

While the relay transmitter power output is much more
readily increasecd than the transceiver power output, it is still subject to
limitations due to interference and platform power supply restrictions, The
uplink from a transceiver to the relay is the limitation on overall system
performance, since the relay receiver noise temperature is determined by
external noise at the 30-70 MHz frequency band, Directive antennas at
either the ground or the relay do not appear to be practical from a physical
size standpoint, and transceiver power output is limited by battery weight
and life,

The following factors must be considered in estimating the
total path loss, and thus the range for a given equipment configuration:

a, systematic loss component (slab model)
b. jungle loss variability

&, platform antenna pattern variability

gl atmospheric variability

e, loss due to electrically short antennas,

Of these factors, (a) has been analyzed earlier in this section of the report,
(b) and (d) are combined in the experimental variability factor, and (c) has
been neglected for the time being, The PRC-25 3-foot whip antenna is less
than a quarter wavelength at all operating frequencies, and the 10-foot whip
is a quarter wavelength at 24, 6 MHz, The possible variety of antenna
patterns available at various frequencies, heights above the ground, etc.,
make the antenna gain indeterminate, so the half-wave dipole pattern has
been assumed in the computation of path loss contours, and the antenna's
lobe structure has been absorbed into the variability terms,

In regard to the variety of antenna patterns, it may be noted
that pack-set operators often bend the 3-foot whip focrward across their
shoulders or tuck the end of the whip under their belts to reduce their visi-
bility to the enemy,

If the repeater-receiver sensitivity is equal to that of the
PRC-25, a signal level of -113 dbm provides a 10 db audio signal-to-noise
ratio, We will assume the uplink and downlink *o have identical parameters,
With an output power of 1 watt (+30 dbm) at 76 MHz, and a -113 dbm mini-
mum received signal, the path loss must be less than 143 db, This budget
asstumes equal median signal-to-noise ratios for the uplink and downlink,
with a inedian signal-to-noise ratio of 10 db at the receiver, The variability
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factor indicates that a margin of 9. 5 db must be provided ecn each link to
give a net 907 probabdility of a 10 db or greater signal-to-noise ratio,
Subiracting the margin requirement from the 143 db "threshold" path loss
leaves 133,5 db as a per-link allowable path loss, If the uplink and down-
link path loss medians are not equal, the margin should be re-evaluated,

Figures 3-24 and 3-25 show the probability that the re-
ceived signal exceeds a specified path loss through the jungle canopy at
various ground distances, These curves were prepared for a 3 km relay
height and a jungle canopy height of 20 meters, At 76 MHz, a 143 db thres-
hold is shown on Figure 3-25 to yield a ground range to 130 kim for 50%
probability, The distance decreases to 50 km as the requirements are
raised to 90% for the same allowed loss, At a given ground distance the pro-
bability that the received signal exceeds a specified loss increcases signifi-
cantly as the allowed loss is increased, That is, Figure 3-25 illustrates
that an allowed loss of 143 db yields a 607% probability at 100 km; however,
increasing the power 10 db so that the allowed loss is 153 db increases the
probability to 95%. Note that the ranges are computed frrom the pack-set
terminal to a point below the relay, so that the overall circuit length may
be as much as twice this amount. An increase in canopy height or in per-
mittivity will reduce the reliability for a given range.

3.3,4.2.2 UHF AM Service Range

A UHF relay-augmented tactical network would not be feasible
in an area characterized by jungle foliage, but may be useful in grassland
or desert arcas, The applicability of the previously employed propagation
model to describe UHF propagation is questionable, so in the example to
follow, we have simply computed the free-space path loss, and assumed
isotropic antennas, The assumed terminals are AN/PRC-66 transceivers,
and the relay is the AN/ARC-97, Both of these equipments are described
in more detail in Section 3, 4 of this report, The ARC-97 receiver is rather
insensitive ( 5 Hv for 10 db S+N/N) so the up-link limits system performance.
The PRC -66 output power is 2 watts, +3 dbw, so a maximum loss from trans-
mitter to receiver of +3-(-123)=126 db can be tolerated, This corresponds
to a free space range of 212 km at 225 MHz or 119 km at 400 MHz., No allow-
ance has been included for platform antenna pattern irregularities, etc., While
military operations in open country might be expected to be spread over larger
areas, the relay range seems to be adequate for many operations,

3.8.4,2.3 Multichannel UHF Relay Service Range

The FM multichannel relay circuit is assumed to use terminals
with line-of-sight clearance to the relay platform, The range example con-
cerns a relay link for 12 voice channels, The AN/ARC-89(V) receiver
(the AN/ARR-71) recommended for the interim time frame multi-
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channel relay is specified to give less than 38 dba0 intermodulation dis-
tortion, so setting the voice channel thermal noise equal to this, we re-
quire an unweighted test tone to noise ratio of 44 db, The rms test tone
to thermal noise ratio in 3 kHz is given by:

SIN = (C/ng) (1/v) (b£/£)?

where § = rms test tone level
N = rms noise power in 3 kHz
C = received carrier level

= noise power density
= IF bandwidth
b = channel bandwidth = 3 kHz

n
o

Af = rms test tone deviation

f = top bascband frequency

The ratio Af/f is the rms modulation index, which is specified as unity for
the AN/ART-47,

The noise power density may be computed from the receiver
noise figure, 8 db, plus an allowance of perhaps 2 db for diplexing filter and
feed line losses. The noise power density is given by

n=kT

where n is the power density, watts/Hz
k is the Boltzman's constant, watts/Hz/°K

T is the noise temperature, °K
The net noise figure of 10 db corresponds to a noise temperature of 2600°
K, or 34.1 db above 1°K., Boltzman's constant may be given as -228, 6 dbw

per °K per Hz, so the noise power density is -184, 5 dbw per Hz,

Returning to the equation above for the test tone to noise ratio,
which may be expressed in decibels as:

S/N = 44 = C +184,5-34,8 =C + 149, 7
C = -105,7 dbw

A concurrent condition is that the carrier to noise power ratio in the receiver
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I bandwidth, 500 kHz., be above threshold, so
C/Nif = -105,7 + 184,5 - 57 =21,8db
which is safely above threshold,

At 400 MHz, the carrier level of -105,7 dbw gives a range

of:
Range Effective Radiated Power (ERP)
11,5 km for 1 watt
36.3 10
115 100
363 1,000

where the power requirements may be reduced or the range extended by
means of antenna directivity, A modest 10 db antenna gain at the ground
(corresponding to a half -power beamwidth of roughly 45°) would supply
additional fading margin or range.

B.3. 4.8 Distribution of Signal Levels

In those relay configurations requiring the use of multichannel
amplifiers, the distribution of signal levels will determine the dynamic range
requirernents of the relay, With equal channel spacing in the frequency spec-
trum, intermodulation products will f.ll at the same intervals, Channel
occupancy is variable, so whether a particular intermodulation product is
produced or whether it falls in an occupied channel is probabilistic,

The distribution of relay users within the service area must
be modified by the previously derived path loss relations to obtain a
distributior of received power levels, A further correction required is to
convolve this distribution with the distribution of path loss variability, The
resulting distribution will give estimates of the percentage of signals occuring
within specified power ranges, for a given relay altitude and set of jungle
parameters,

Looking at the problem in a more realistic way, the maximum
signal power at the relay will be from transceivers operating in clear arcas
more or less below the relay, Since vertical dipoles are assumed in the path
loss computation, excessively high loss values are associated with this re-
gion. In practice, neither the transceiver whip nor the relay antenna will be
quite vertical, and there will be some depolarization by re-radiation from the
foliage, so there will be relatively little attenuation due to the antenna patterns,
Free space attenuation for a relay altitude of 3 km, at 76 MHz, will be approxi-
mately 80 db, compared with the path loss of 133,5 db allowed for minimum
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signal quality ir. parzgraph 3.3, 4.2 above. A range of signal power of the
order of 50 db is thus indicated, Accordingly the relay should be capable of
handling signals which differ in level by at least 50 db,

3,3.4.,4 Interference

There are several categories of interference to be considered
ir high altitude relay networks:

s Existing interference to VHF Communications from
various radio services,

2, Interference introduced by high altitude relays by
virtue of extended range,

3. Self-interference in ground-relay-ground system,

It was noted at the ARPA/AGILE Colloquium (March, 1967) that VHF fre-
quency assignraents in Viet Nam are rather extensive, Tactical VHF
equipment operates in a relatively narrow portion of the nominal 30-76

MHz frequency range, and frequencies are reused by alternate Corps areas,
It is reasonable to expect that this situation will obtain in other limited war-
fare or counterinsurgency operations, Interference from taxi and police
radios, television broadcast stations, and other sources will be experienced
almost anywhere, The high altitude relay receiver is particularly vulnerable
to long-range interferences. The only alternative is the availability of a
number of channels, such that interference may be avoided, Protection
through shaping of the antenna pattern may be feasible at UHF or microwave
frequencies, but the platform dimensions are comparable to a wavelength

in the 30-76MHz range. The presence of ex.ernal interference, as in the
case of jamming, provides an argument against the use of broadband am-
plifiers in the receiving side of the relay.

In the same manner, the interference between frequency
assignment repetition areas is increased by the relay transmitters, and
relay platforms may have line-of-sight paths between one another.

It may be useful to comparec the ground-to-air path loss
computation with the free space loss between two relays at 3 km altitude,
Suppose that the two relay platforms were separated by 100 miles (161 km),
At T6MHz, the free-space attenuation between them would be approximately
114. db, while the loss to a ground station at 50 miles (80,5 km) range
would be 134 db, (from Figure 3-14) with a 50% probability of exceeding
this loss. Use of the same channel at the two relays is obviously impossible,
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Use of adjacent channels would depend on the selectivity and overload char-
acteristics of the relay receiver, and may serve to define requirements for
these characteristics,

This situation indicates that the number of relayed channels
should be as small as possible, with :maximum sharing of such channels be-
tween relay users. Relays should be used only when necessary for particu-
lar subscribers, as indiscriminate augmentation of FM nets is wasteful of
channels, and F_ -F . relays may introduce multipath interfereace., This
results when the signal received from the relay and the signal received dir-
ectly are of comparable amplitude, Subscribers with otherwise satisfactory
circuits may find the circuit unusable when a relay is activated on the channel,
This an arguirent against Fl-Fl relay op~ration,

Interference problems within the relay include intermodula-
tion in common amplifiers and interference in relay receivers due to relay
transmitters. The first category of interference is minimized by controlling
the power of individual up-link signals, either by controlling the ground
transmitter power output or by separate AGC channels in the relay. Spurious
responses in the relay receiver may be minimized by proper receiver design,
The F,-F_  switching relay has the advantage of synchronized switching, so
that alH relceivers or all transmitters are on at any instant.

3.3.4,5 Jamming Considerations

While the HARR study has not required detailed consideration
of jamming, the effects of jamming on relay design and application should
be discussed.

Contemporary guerrilla tactics are aimed at decentralized
military operations requiring minimal real-time communications. Counter-
guerrilla operations, on the other hand, have depended heavily on inter-unit
and intra-unit radio communications for the coordination of operations. The
guerrilla force may therefore use broadband jamming at a minimal expense
to its own operations, provided that power requirements are consistent with
the mobility needed to avoid destruction of the jammer and with portable
power sources. As guerrilla tactics have proved difficult and expensive to
counter, it is logical to assume that this form of warfare will constitute a
large fraction of future limited warfare and counterinsurgency operations.

Since the supply of weapons for guerrilla forces is often from
counttries with sophisticated eclectronic technology, the jaimmming equipment
encountered may be as sophisticated as available relays or AJ equipment, It
is not clear what action would be taken against a jammer operating outside
the boundaries of countries nominally involved in the war.
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For the relatively unsophisticated relays we have discussed
for use with VHF-FM single channel pack sets, several sorts of jemumers
or combinations of these types may be envisioned:

1. CW Jammer - A continuous signal at the carrier frequency
of one or more relay channels.

2. Modulated Jamming - Voice, noise, or tone pattern
modulators applied to one or more relay channels.

3. Barrage Jamming - Broadband noise jamiming of one or
more relay channels.

4. Pulse Jamming - Keying of a carrier signal centered
among several relay channels.

A classified report by the Research Analysis Corp. (ref. 3.3-11) compares
quantitatively the effectiveness of these techniques.

Since the pack-sets’ ERP (referred to the outside of the jungle
carrier will be less than 1 watt, we mav say as a rough approximation that the
ERP from the jammer must be 1 watt plus the additional loss on the path from
the jamming transmitter, to jam any single channel from the ground. At
a platform at 10, 000 feet altitude the maximum signal from a 1 watt ERP
pack-set is -72 dbw (30 MHz, isotropic antennas). Each relay channel could
then be jammed by 10 w. ERP at 10 km slant range, or 1000 w. ERP at 100
km. If the relay were at an altitude of 100, 000 feet, the maximum pack-set
signal would be -92 dbw, and jammer requirements would be 100 w. ERP at
100 km. These ranges may not be reasonable for particularly rough earth
profiles between the jammer and the relay. For a smooth earth, (radius
corresponding to N = 360, typical of Viet Nam) the horizon distance would
be 244 km at 10,008 . and 772 km at 100, 000 ft.

The jammer may be able to use considerably more antenna
gain than is possible for an omnidirectional pack-set antenna, so that the
jamming transmitter power required may be a good deal lower than the
ERP indicated above. Since the slant range is nearly the same from a syn-
chronous satellite to any point where the sateliite is above the horizon, a
jammer needs no more power than the 1 watt ERP per channel of the desired
transceiver signal,

The foregoing discussion relates to relays with single channel

sclectivity, If a broadband relay is employed, with peak-power capability
adequate to provide satisfactory interimodulation performance, the jammer
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can operate in two ways, Either he may jam one or more channels with
discrete jamming signals or noise, or he may gain an additional advantage
(beyond the J/S ratio at the relay receiver) by saturating the relay. Unless
the entire relay passband is monitored, the presence of a jamming signal
may be difficult to identify from the ground.

The susceptibility to jamming must be considered a weak point
of broadband relays. At the expense of added relay complexity and less
flexibility of channel assignment, the separate channel approach offers some
protection against narrow-band jamming modes and provides up-link power
control, In either case, broadband monitoring facilities should be provided
to identiiy jamming so that appropriate countermeasures may be initiated,
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3.4 - RELAY APPLICATION OF CONTEMPORARY EQUIPMENT

3.4.1 Equipment Configurations

In applying contemporary equipment to the initial or interim
time frame relay requirements, it is anticipated that only limited modifica-
tions or replacement of tactical radio equipment can be undertaken. Simi-
larly, the components of the relay package itself will have to be available
from military inventory or will have to be substantially production status
military or commercial hardware. A limited amount of development effort
for interface and control may be undertaken for either the initial or interim

time frames.

In the following paragraphs, the available equipment will be
reviewed, and its suitability for relay application considered. There is a
limited number of equipments designed specifically for relay service, and
no one equipment is capable of meeting the requirements of relaying several
simultaneous channels for FM tactical networks. We have therefore con-
sidered a multi-transceiver assembly, of either the frequency translating
(F,-F_) or common frequency switched (F,-F ) variety, similar to the block

. . ] I |

diagrams in Figures 3-2 and 3-4,

The F -F_ relay is constrained to use one moderately narrow
(perhaps 10%) frequency range for up-link operation, and another such range
separated by another 10% for transmitting. This arrangement permits use
of a common antenna on the airborne platform, by means of a passive re-
ceiver and transmitter multicoupler and diplexing filter. Experience with
the AN/PRC-25" suggests that it will be necessary to shield separately each
transceiver in the relay package, since stray radiation from the battery and
interconnecting cables produces a welter of spurious responses. The rf sen-
sitivity of the battery cable indicates the need for caution in decoupling the
common power supply shown in Figure 3-2, The spurious output/respounse
situation has been improved in the later AN/PRC-77.

The corresponding F,-F . relay package shown in Figure 3-4
is predicated on the use of low-frequency (e.g. 10 Hz) commutation. This
configuration requires the development of a multi-channel time delay to

% Measurements by Page Communications Engineers, Inc. showed
that 236 receiver channels out of 420 were interfered with by a nearby AN/
PRC-25 transmittinrg at 33, 05 MHz. The PRC-25 operator's manual (ref. 3, 4-2)
indicates only 14 such responses. The need for care in shielding units em-
ployed in relay evaluation can not be overemphasized. (See Appendix, Section
5-1).
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store alternate 50 ms samples from each relay channel. For the interim
time frame requirement, this may probably be realized most easily by a
multichannel magnetic drum or tape loop. Digital storage requires a com-
mutator, A-D converter, perhaps 1800 bits of storage capacity per relay
channel, a D-A converter, and a decommutator. Storage requirements are
based on 6 bits x 6000 samples per second x 50 ms/1 sec. Some further re-
duction in quantizing levels or sampling rate may be possible before a notice-
able degradation in intelligibility results. Since the channels are switched
synchronously, all receivers are on simultaneously, or all transmitters. The
problems of shielding and isolation are therefore minimized, and the relay
package itself does not constrain channel selection. Some constraint is to be
expected from the platform antenna.

For application in manned platforms, the use of a relay switch-
board operator appears to be desirable, on the basis of the discussion in Para-
graph 3.2.2, Such a switchboard was indicated in Figures 3-2 and 3-4 as
supervisory equipment. The operator has the cupability of changing relay chan-
nel frequencies or of assigning relay channels on the basis of message priority.
He may also monitor traffic to detcct mauthorized use of the relay or jamming.

In a multichannel UHF or SHF relay application, the relay plat-
form would not necessarily perform any demodulation of up-link information,
so the only contact between the ground and relay platform itself would ke a
supervisory channel, probably at UHF, to coordinate platform operational
functions.

3.4.2 VHF - FM Relay Equipment
3.4.2.1 General

The following paragraphs review available equipment for appli-
cation in the context of 30 tc 76 MHz tactical FM network relaying, where
associated ground terminals are AN/PRC-25 or equipments
of the same general nature. The equipment description is summarized in
Table 3-2, The weight, bulk, and power consumption, and cost of multiple-
channel combinations of units will be roughly proportional to the number of
relay channels, although some economics can be realized in the area of equip-
ment comm.on to all units.

The equipment status is described as developmental, pro-
duction, Standard A or Standard B as applicable, The Standard A and B de-
signations are defined as follows (ref, 3,4-7):

1, Standard A: Items that have been adopted as suitable
for U.S. Army use, which are acceptable as assets to meet
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operational requirements, authorized in equipment docu-
ments, and described in published adopted item lists,

2, Standard B: Items which have limited acceptability

to fill operational requirements, These items are normally
used and issued as a substitution for STD A items,

These ratings are continually in a state of flux, and items listed in one cate-
gory may have progressed to another,

3.4.2,2 AN/PRC-25

The PRC-25 (ref, 3,4-1) is a lightweight pack-set radio
which tunes from 30 to 76 MHz in 50 kHz synthesized steps., The receiver and
transmitter are tuned simultaneously, An adjustable frequency control detent
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provides two preset channels. The unit is solid-state except for the trans-
mitter output stage. A tone-operated squelch provides receiver quieting.

The AN/PRC-25 transceiver is intended to function as a F,-F
relay terminal by connecting two PRC-25 units with the MK-456/GRC inter-
connecting cable. The squelch of one receiver activates the transmitter in the
other unit. The operator's manual (ref. 3.4-2) shows ¢ix pages of frequency
charts illustrating the combinations of frequencies for which two transceivers
can not be used. For a typical frequency of 33.05 MHz, the PRC-25 manual
lists 14 channels (out of 420) on which the relay will 1ot operate. Measure-
ments at Page Communications Engineers, Inc. indicate that the number of
channels on which interference is observed is closer to 236,

For application as a multi-channel F_-F_ relay component, the
PRC-25 will have to be enclosed in an external shiefde enclosure, and out-
board power filtering, RF filters, and hybrid networks will be required. The
receivers may be isolated by resistive dividers following a preamplifier which
makes up for the divider loss. It will be necessary to isolate the receiver in-
put and transmitter output connections in the transceivers. Transmitter com-
bining may use reactive hybrids 1o minimize power losses.

A high-speed commutated Fl-F relay package has been de-
monstrated by Motorola, using a rather extensively modified PRC-25 (ref.
3.4-3). Modification for low-speed commutation would require essentially
the same changes, with the addition of a multi-channel storage device,

3.4.2.3 AN/PRC-77

The PRC-77 (ref. 3.4-4) is a more recent version of the AN/
PRC-25, with a solid-state transmitter power amplifier. The same con-
siderations apply to its incorporation in a relay package as for the PRC-25.

3.4.2. 4 AN/PRC-70

The PRC-70 (ref. 3.4-5) is a higher-power transceiver for HF
and VHF use in SSB, AM, FM, CW modes. The frequency synthesizer provides
tuning in 1 kHz increments, with continuous interpolation available. The
transmit and receive frequencies are identical. No provision for relay use is
indicated.

3.4.2.5 AN/PRC-72

The PRC-72 (ref. 3.4-6) is a modular transceiver employing
plug-in subassemblies for HF, VHF, and UHF use. The VHF - FM unit tunes
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from 38-50 MHz, restricting its applicability to relay use. Interconnections
for F. -F_ relay use are incorporated, presumably in a manner similar to

the PbC-éS.

3.4.2.6 AN/PRR-9 and AN/PRT-4

The PRR-9 and PRT-4 (refs. 3.4-7, 3.4-8, and 3, 4-9) are
ultra-miniature units designed for intrasquad and platoon communication.
The transmitters provide two channels (separated by less than 1 MHz) while
the receiver is preset to a single frequency between 47 and 57 MHz. The
receiver is of particular interest as a means of providing a second receiver
channel for a PRC-25 or PRC-77 used with a FI-FZ relay.

3.4.2.7 AM-4306

The AM-4306 (ref. 3.4-10) is an outboard solid-state power
amplifier for use with the PRC-25 and presumably with the PRC-77, Th:
25 w. power output is available over the 30-76 MHz PRC-25 tuning range.
Tuning is broadband, in two ranges, so little suppression of spurious out-
put products from the associated transceiver is to be expected.

3.4.2.8 AN/ARC-44

The ARC-44 (ref. 3,4-7) is an aircraft VHF - FM transceiver
compatible with the PRC-25 over the 30-51. 9 MHz portion of its tuning range,
on alternate PRC-25 channels., Provision is made for single-channel FI-FZ
relay application. This is an older equipment in standard B status,

3.4.2.9 AN/ARC-54

The ARC-54 (ref. 3.4-11) is a replacement for the ARC-44,
tuning 30-69. 95 MHz in 50 kHz spacing, and is designed for compatibility
with the PRC-25 and VRC-12 families. Useful range is listed as 25 miles
at an altitude of 500 ft. The receiver sensitivity is apparently 7 db worse
than the PRC-25, possibly as a compromise with dynamic range require-
ments,

3.4.2. 10 AN/ARC-114

The ARC-114 (ref. 3.4-7) is a completely solid-state replace-
ment for the ARC-54 for application in the LOH and other fixed and rotary
wing aircraft. Provisions for single-channel relay operation are incorporated.
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3.4.2.11 AT-430

The AT-430 (ref. 3.4-12) is an airborne version of the AN/
PRC-70, with similar performance specifications,

3.4.2.12 Selection of VHF - FM Relay Equipment

On the basis of our review of the available equipment, we
feel tha* the following equipments offer th: greatest prospect of adaptability
to multiple-channel relay operations:

1. AN/ARC-114, which is designed for airborne
application, has sufficient power output to com-
pensate for hybrid losses, and is physically
compact.

Z. AN/PRC-77, the all solid-state version of the AN/
PRC-25.

8. AN/PRC-25, relatively inexpensive and available.

The other units considered have either reduced or excessive
versatility, or excessive weight, bulk, or power requirements. Interface
problems in adapting the PRC-25 and PRC-77 to airborne use tend to point
toward the ARC-i14 for the initial and interim time-frame applications. It
may not be safe to assume that the ARC-114 is completely free of the spuri-
ous response and RF leakage problems which have been noted in the PRC-25,
so some additional filtering and shielding may be required for FI-FZ mul-
tiple-channel relay operation.

The prior work in modifying the PRC-25 and PRC-77 for
FI-F commutated switching may possibly reduce development time in-
volveé in producing an F_-F  switched relay for the interim time frame.

1 "1
3.4.3 UHF - AM Relay
3.4.3.1 General

In areas where foliage attenuation is not a factor in the ground-
to-relay power budget, there may be some significant frequency allocation
advantages in the use of UHF relaying for tactical communications. There
is a limited number of UHF pack-set transceiver equipments, there are more
vehicular and airborne transceivers, as well as one equipment specifically
designed as an airborne relay, the AN/ARC-97, The following paragraphs
describe the equipment summarized in Table 3-3.
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3.4.3.2 AN/PRC-66

The PRC-66 (ref. 3.4-13) is a developmental UHF - AM
‘ransceiver employing thin-film and integrated circuit techniques in the
interest of size, weight and power savings. The PRC-66 uses a {requency
synthesizer to select any of the 3500 channels in 50 kHz steps.

3.4.3.3 AN/PRC-T71

The PRC-71 (ref. 3,4-14) is a UHF - AM transceiver under
development by Sylvania. The specifications listed in Table 3-3 are based
on a report of an F_-F_ relay adaptation of this equipment, so actual pack-
set parameters may differ somewhat. Inthe balloon and drone-borne relay

applications, the modified transceiver operated at external temperatures of
-76°C and an altitude of 80, 000 ft,

3.4.2. 4 AN/PRC-T72

The PRC-72 (ref. 3.4-6) was previously mention- 1 under VHF
relay equipment. Omne module of the set provides 4 preset chanaels between
240 and 350 MHz, with 1 watt output power.

3.4.3.5 AN/ARC-51

The ARC-51 (ref. 3.4-15) is an AM transceiver tuning 18 pre-
set channels out of the 3500 50 kHz spaced channels from 225 to 400 MHz,
plus one guard channel. While this equipment is comparatively bulky and ex-
travagant of power, its availability and aircraft qualification may make it
worth consideration for interim time-frame application.

3.4.3.6 AN/ARC-116

The ARC-116 (ref. 3.4-7) is part of the equipment designed
for use in the LOH, and represents a substantial improvement in weight,
bulk, and power consumption over the ARC-51.

3.4.8.7 AN/ARC-97

The ARC-97 (ref. 3.4-16) appears to be the only equipment
specifically designed as a single-channel F . -F_ relay. Frequency control is
by changing crystals and transmitter tuned lines. The ARC-97 includes two
receivers and two transmitters to permit unattended relaying in two direc-
tions. Whether more than one ARC-97 can be operated in a single aircraft
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would have to be determined, but provision of an external receiver multi-
coupler, transmitter hybrid network, and diplexer should permit stacking
multiple numbers of channels,

3.4.3.8 AN/VRC-24

The VRC-24 (ref. 3.4-7) is included as an example of a ve-
hicular equipment with which a UHF - AM relay might operate. 20 preset
channels, with 100 kHz spacing, are available out of the potential 1750-100
kHz spaced channels. The AN/TRC-68 is a transportable version of the
same equipment, for airport control use.

8.4.3.9 AN/GRC-134

The GRC-134 (ref. 3.4-17) was initially applied to the Marine
Tactical Data System, and has also been selected for use in the USAF 407L
program. One synthesizer supplies both receiver and transmitter, and the
RF circuits in both are servo-tuned. While nominally a fixed or mobile
ground unit, the GRC-134 is readily adaptable to airborne use.

3.4.3.10 AN/ARC-109

The ARC-109 (ref. 3.4-18) is a developmental model of an
aircraft UHF transceiver making extensive use of microelectronic techniques
for reducing size and weight, and increasing reliability. The remote tuning
provisions at a binary- cuded decimal low-level interface could be of use in
remote selection of relay channels in an unattended relay platform, although
the power input requirements of 100 watts receive and 300 watts transmit
would restrict its use to the larger unattended platforms, e. g. the QM-50D
DASH drone helicopter.

3.4.3.11 Selection of UHF - AM Relay Equipment

The choice of UHF - AM relay equipment is made easier by,
the availability of the ARC-97. As an alternative, the modified PRC-71 used
in the balloon/drone borne relay tests appears to have performed satisfac-
torily as a simple relay, and could presumably be adapted as a half-duplex
relay as in the ARC-97. The ARC-116 could presumably be modified as des-
cribed for other transceivers in either the FI-FZ or switched Fl-Fl modes.

3.4. 4 Multichannel UHF/SHF Relay Equipment

3.4.4.1 - General
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One of the functions for which the airborne platform relay
appears to offer a significant advantage is that ¢! point-to-point multichannel
relaying. This is an alternative to the use of tactical tropospheric scatter
or future satellite relay equipment. In comparison with the tropospheric
scatter point-to-point link the ground-air-ground relay offers the following
advantages:

a) Rapidly deployable.

b) Minimal in transport weight 2ind POL requirements.

c) Capable of operation over difficult terrain.

d) Use of standard tropo scatter equipment.

e) Less exposure to jamming than synchronous satellite
relay.

The relay system would be applied to temporary use, as in the transistional
stages of moving a division headquarters, replacing damaged point-to-point
links, augmenting channel capacity, or establishing multichannel links over
difficult or enemy-held terrain where conventional relay equipment could
not be installed.

At the present time, the airborne relay may offer quicker
reaction time than satellite relaying, for large numbers of channels. The
potentially higher power available at an airborne platform cases the require-
ments for ground antennas. Fixed antennas aimed generally along the great-
circle point-to-point path can be sufficiently non-directive to permit the plat-
form considerable freedom in the choice of a flight pattern.

As an objective, the ground terminals should be transportable
by helicopter. The ground terminal package would include multiplex ter-
minal equipment, powcr generator, and antenna system. It would be antici-
pated that because of the need for interfacing with telephone terminal equip-
ment or fixed relay links, the ground terminals would be sufficiently fixed
in location to permit installation of elevated antenna support structures or
clearing sufficient foreground vegetation to provide a line-of-sight path to the
platform.

There appears to be only one area in which the performance
of the airborne relay needs to deviate from standards for point-to-point r¢ lay
links. This relates to interruption of the circuit while performing handover
from one platform to another.

Practical margins for fading protection may require the use

of diversity, perhaps through frequency separation or ground antenna spacing.
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Frequency diversity may provide a useful means of overcoming antenna
patteri {luctuations on the platform.

Interfacing with other systems at the ground terminals is
assumed to take place at a baseband level, most probably in baseband assign-
ment compatibility with groups as used in the TRC-24, TRC-90, MRC-107,
or MRC-85 multiplex plans, for maximum flexibility of application. No
monitoring or channel dropping is envisioned at the relay platform, although
ez UHF order-wire channel accessible to the radio operator or pilot will be
necessary for handover coordination.

The following paragraphs describe equipment suitable for
multichannel relaying requirements. One such equipment, the AN/ARC-89(V)
is specifically designed for multichannel air to ground relaying, and is an
apparent first choice for the service considered, although the equipment is
not otherwise used for point-to-point service. Table 3-4 summarizes the
equipment characteristics. As previously, the table gives the weight, volume,
and input power requirements for one of the two units necessary for a duplex
relay package.

3.4.4.2 AN/ARC-89(V)

The ARC-69 is an operational equipment consisting of the AN/
ARR-71 (ref. 3.4-19) and the AN/ART-47 (ref. 3.4-20) designed for UHF
air to ground relaying of a 12 channel baseband, and h.. "~e- applied to USAF
airborne command post applications (ref. 3.4-21). Two s. . . equipments
would provide full-duplex relay operations at the airborne platform, while
similar equipments at the ground would permit use of the system's 225 to
400 MHz tuning range. Fixed frequency FM tropospheric scatter terminal
equipment may be compatible in the upper 50 MHz, such as the low frequency
version of the AN/FRC-39(V). The GRC-103 should be compatible for 4 chan-
nel relaying, using the AN/TCC-3 multiplex, and possibly for 12 channel
FDM with the AN/TCC-7.

3.4.4.3 AN/GRC-103

The GRC-103 (ref. 3.3-7) is a UHF line-of-sight relay equip-
ment capable of 12 channel time division multiplex transmission. This equip-
ment is the basis of the AN/TRC-107, a jeep-mounted 12 channel terminal.
The GRC-103 is to replace the TRC-24 for forward area communications,
although the units are not entirely mutually compatible in RF coverage or
modulation capability. The weight and power requirements of the GRC-103
are feasible for application in a helicopter platform. Two GRC-103 equip-
ments pius external diplexing filters would be required for airborne relay
application.
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3.4.4.4 AN/TRC-24

The TRC-24 (ref. 3.4-7) is the basis of a number of UHF
point-to-point relay and terminal sets, Various RF ranges are covered by
different versions of the set, from 50 to 600 MHz, 12 channel FDM capa-
bility is available with the AN/TCC -7 multiplex. The weight and power
requirements of the TRC-24 do not recommend it for airborne use, but it
may be a potential ground terminal for ARC-89, GRC-103, or other relay
units in the airborne platform,

;LW AN/GRC-66

The GRC-66 (ref. 3,4-7) is the basis of a number of SHF
point-to-point relay and terminal sets, with 96 channel PCM capability.
The low output power in compariscn with the weight and power consumption
make this a relatively undesirable equipment for cither ground or airborne

use with low-gain antennas,

3.4.4.6 AN/TRC-29

The TRC-29 (ref, 3,4-7) is used as the basis of the TRC-38
terminal set and TRC-39 repeater set, Again, this equipment is not suit-
able for airborne use by reason of its weight, but could possibly function
as a terminal of a relay augmented multichannel link, The TRC-29 is com-
patible with the 1700 to 2400 MHz version of the GRC-66 and uses PPM
multiplex equipment.
3.4.4.7 AN/GRC-50

The GRC-50 (ref, 3,4-7) is a relatively lightweight forward
area relay set, compatible with the GRC-66 and TRC-29 over a portion of
the tuning ranges, from 1750 to 1850 MHz, The GRC-50 is capable of 24
channel PCM with the AN/TCC-54 multiplex, The GRC-50 could possibly
find appiication as a SHF airborne relay, but may not be compatible with
aircraft shock, vibration, and altitude requirements,

3.4.4.8 Tropo Scatter Equipment

A number of contemporary transportable tropospheric scatter
terminals provide a convenient low-power interface between the exciter and
the power ainplifier, typically at the 1 to 10 watt level, It may be feasible
to use this equipment without the power amplifier in temporary airborne
piatform relay applications, There is a decided logistic advantage in limit-
ing the number of different equipment types to be deployed in an area, and
an advantage in not requiring different or additional training for terminal
operating personnel, Direct compatibility at baseband or channel interfaces
with identical tandem links is a further benefit,
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An example of a contemporary tropospheric scatter system
which would be compatible with this concept is the AN/MRC-107, operating
in the 5 gHz band. Similar receivers and exciters are available in the 350
to 450, 755 to 9S85, 1700 to 2400, 2400 to 2700, 4400 to 5000, and 7500 to
8500 MHz bands (ref. 3.4-22, 23).

3.4.4.9 TV Relay Equipment

A potentially useful source of lightweight broadband relay
equipment is television relay equipment, both comumercial and military.
While both systems listed provide bandwidths in excess of the requirement
(12 MHz baseband in comparison with 120 kHz for 24 channels) the subsid-
iary benefits of weight, availability, and aircraft compatibility should be
considered.

Microwave Associates Model MA-2T, (ref. 3.4-24) is solid
state exccept for a travelling wave tube power amplifier, providing 15 watts
output in the 2200 to 2300 MHz range. RHG Electronics Laboratories, Inc,
model FMT/FMR 1900 ATR (ref, 3.4-25) provides 1 watt output from the
basic 1900-2300 MHz solid~state transmitter, with external power ampli-
fiers available., The RHG units are mounted in ATR cases compatible
with standard shock mount trays., RHG indicates that 100 w, power
output is available as an option, and that versions of the equipment from
0.7 to 7.2 GHZ arec available

3.4.4,10 Selection of UHF/SHF Multichannel Equipment

The AN/ARC-89 (V) equipment, designed specifically for
ground-air-ground relay application, appears to be the most logical choice
for initial or interim time frame application, The RHG television relay
equipment, again designed for airborne application, is the next best choice,
although the lower power and higher operating frequency restrict its range.
The use of higher-gain antennas at the ground would offset these restrictions,
and the development of directional antennas for the platform would help the
power budget and ease interference problems,

3.4.5 Platform - Relay Interfaces
3.4.5.1 General

A number of interface areas between the relay package and
thc high-altitude platform must be considered in the design of a workable
system, The following paragraphs discuss the physical, environmental,
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and electrical interfaces which need to be considered.

3.4.5.2 I'Sh)"sical Characteristics

3.4.5.2.1  Weight

The total weight of a relay package providing relay service
for 6 VHF FM channels using 12 AN/PRC-77 or AN/PRC-25 transceivers#*
would be approximately 320 lbs., of which half is an allowance for shock
mounting, shield and environmental housing, interconnecting wiring and
power RF filters. A 12 channel package would perhaps best be two of the
6 channel packages, to facilitate loading into aircraft, The alternative
AN/ARC-114-based 6 chanrel relay package would weigh less than144 1bs.

ale
by

It is assumed that the relay must be compatible with
single-frequency tactical radio sets for the initial and interim time frames,
as shown in Figure 3, 2-3(a).
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A 6-channel UHF relay package employing the AN/ARC-97
would total perhaps 350 lbs,, or 195 lbs, with the AN/ARC-116, In each
case, 75 lbs, was allowed for mounting, enclosure, filtering, etc,

If attended operation of the 6 or 12 channel VHF or UHF re-
lay packages is desired, a small switchboard and an order wire transceiver
(preferably AN/ARC-114 or AN/ARC-116) wonld also be required, possibly
totalling an additional 50 lbs,

The 12 channel point-to-point duplex relay package employ-
ing the AN/ARC-89 will weigh 320 lbs, plus an estimated 100 lbs, for di-
plexing filters, and interconnecting cables, Since the individual units of
this assembly are designed for airborne application and no on-board
channel demodulation is planned, no additional shielding should be required,
and the ARR-71 receivers and ART-47 transmitters may be mounted in a
lightweight equipment rack,

3.4.5,2.2 Volume

The volume required for some of the more promising 6 and
12 channel relay packages is as follows:

L. The six channel package made up of 12 AN/PRC-25
or PRC-77 transceivers requires about 3, 4 cubic feet of
volume. Another 100% should be added for housings, shock
mountings, etc,, making total volume of about 6.8 cubic
feet.

2,  The AN/ARC-114 (or ARC-116) 6 channel package
would require 0, 9 cubic feet of volume for the transcaivers,
An additional 100% of volume should be added for housings,
shock mountings, etc., making a total of 1.8 cubic feet.

3. The AN/ARC-97 6 channel package (6 ARC-97's) re-
quires 2, 6 cubic feet for the transceivers, and an additional
volume for shock mounting, diplexing filters, etc.,, bringing
the total to approximately 5 cubic feet,

4, The AN/ARC-89 components for a duplex relay facility
would total 5.3 cubic feet, plus an allowance for diplexing
filters and shock mounting to bring the total to 10 cubic feet,

Various other factors in relay package design, such as environmen‘al pro-
tection for the package suitable for outdoor storage prior to temporary
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installation in aircraft, requirements for cooling, etc. 1nay enter into the
weight and volume consideration,

3.4,5,2.3 Modularig

In scaling relay physical parameters to a particular channel
capacity, it is evident that the designs employing multiple transceivers will
have common equipments which do not change in weight and dimensions with
each increment of channel capacity., Common equipment in the relay may
include diplexing filters, receiving preamplifiers, power splitters, trans-
mitter summing networks, power regulators and supervisory equipment,

Of these, the diplexing filters are the only significant items which will not
increase strictly in proportion to channel capacity, since the filter require-
ments are substantially the same for any number of channels,

The use of a number of separate modules for the relay may
improve the efficiency of use of available space in various platforms, at 4
the expense of increasing the number of interconnecting cables and the total
weight, A building-block approach to the channel capacity requirements
suggests that packages of 6 transceivers might be a uscful division,

3.4,5.2.4 Spares

The use of 10% spares should be adequ-te for equipment,
such as the AN/PRC-25, with a 2000 hour mean time between failures,
(MTBF)., For a system made up of 12 transceiver equipments and with
missions averaging 10 hours in duration, a failure should average only once
per 17 missions, The more modern all-solid state equipment have a much
longer MTBF, thus the AN/PRC-77, which has a MTBF of 25, 000 hours,
should require no airborne spares at all, A 6 channel system, using 12 |
AN/PRC-77 transceivers should have a failure occurring only once per
208 missions of 10 hours duration,

If the relay is unsupervised, failure of a particular.relay
channel may result in relay service not being available to a particular or-
ganizational unit or detachment, If a relay operator is responsible for
assigning channels, he may ignore an inoperative channel and route traffic
through the remaining channels, at some increase in traffic density and
waiting time,

3.4.5.3 Environmental Factors

Bl BT | Whillo i caid SHEEE

The vibration and shock specifications for the relay package
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should not have to take exception to appropriate sections of MIL-E-5400, A
number of the recommended basic units for the package already meet such
specifications, and should not require further proof of compliance, provided
that their mountings or enclosures are not appreciably changed in adapting
them to relay service,.

The use of pack-set eouipment as a relay basis, e.g. the
PRC-77, may require special testing to verify compliance with appropriate
specifications, For application to the initial and interim time frame re-
quirements, however, it is anticipated that external shock and vibration
protection will be used, rather than redesigning internal transceiver com-
ponents,

3.4.5.3.2 Temperature and Altitude

Again, there should be no exception to the MIL-E-5400
specifications for avionics equipment for the overall equipment package.
If equipment is to be used under extraordinary conditions, e, g. balloon-
borne relay operation, *the use of external pressurized containers may
permit application of otherwise unsuitable low-altitude equipment, Cooling
must be given careful consideration in planning external shielding or en-
vironmental protection.

3.4.5.4 Platform Antenna

3.4.5.4,1 Polarization and Orientation

Antennas for use on the airborne platform should ideally be
circularly polarized, to accommodate any ground antenna polarization, and
to make the system gain independent of platform orientation, Similarly, an
ideal antenna would have an isotropic radiation pattern with respect to gain
variation, but sharp cutoff at the horizon to minimize interference generation
and susceptibility, In point of fact, both pattern and polarization are severely
constrained by the platform structure,

While the pack-set antenna is nominally vertical, the actual
orientation may be at any angle, and, together with re-radiation by foliage will
tend to give an elliptically polarized signal or response, The gain patterns
of the ground and platform antennas are relatively broad, and there may be
a considerable angle of error before the systemm gain is seriously affected,

8.-4.%,5. 2 Antenna Location and Mounting

Several criteria for antenna locations should be considered:
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1, The antenna should be vertically or elliptically polar-
ized,

2, The antenna should be as well isolated as is practical
from propellor or rotor blades, to avoid modulation of the
antenna pattern.

3 The antenna should not degrade aircraft performance,
nor impede landing and takeoff,

4, The antenna should require a minimum of airiiame
modification,
5. The antenna should not disclose the special mission

of the aircraft,

6. The antenna pattern should be as insensitive as possi-
ble to aircraft orientations during normal maneuvers in pitch
roll, or yaw,

While the weighting of these criteria is subject to some question, there are
several useful observations which may be made concerning potential antennas
and locations,

For the UH-1D helicopter, a whip antenna locationu directly
beneath the fusilage would provide some isolation from rotor modulation,
a pattern more or less omnidirectional in azimuth, and some gain reduction
at the horizon, It should be possible to obtain or devise an antenna
mount which would either permit bending in any direction or permit retraction
of the antenna during landing and takeoff, Such an antenna could be clamped
to the landing skid struts to facilitate installation and removal. A small
diameter whip would be relatively difficult to resolve from the ground,

The present VHF whip which extends from the UH-1D tail
boom undoubtedly shows a substantial amount of rotor modulation, and
presumably has a pattern null in the forward direction, but otherwise meets
the criteria of polarization, platform compatibility, and concealment,

Reduction of gain margins required for multichannel systems
may be accomplished by frequency diversity using two or more antennas on

the aircraft, as a means of filling-in nulls in cach patterr

30k n5 Power Supply

The use of platform power, when available, is the most
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efficient means of supplying primary power to the relay equipment, Even

if the quality of the power supplied by the platform is poor, voltage re-
gulators, filters, ecte,, are readily available, A satisfactory regulator

for 500 watts, which should provide ample power for a 6 to 12 channel

relay system, would weigh less than 10 pounds and require less than 0, 1
cubie foot of volume, It should te noted that semiconductor devices are
particularly intolerant of high voltage transients, and the application of pack-
sct equipment such as the AN/PRC-77, designed for battery operation re-
quires careful attention to transient suppression,

Any suitable secondary or auxiliary power supply would re-
quire substantially more weight and volume., For example, a secondary
battery supply capable of supplying 10 watt-hours per pound would require
50 pounds to supply 500-watt hours, although lithium-copper fluoride pri-
mary batteries having a capacity of 80 watt-hours per pound are in the
development process,

Most airborne vehicles have some primary power avail-
able, with no additional weight required, If added primary power is re-
quired, the added weight required for a larger generator may be at a rate
as little as 10 pounds per horsepower, or 74, 6 watts per pound, This value
is based on present generators designs and should be improved substantially
in the future, Fuel cells of adequate capacity and reliability may be able
to replace electromechanical generators for auxiliary power functions of
this sort in a few years,

3,4,5,6 Electromagnetic Interference Compatibility (EMI)

The conceptual design of the multi-transceiver relay package
is predicated on the assumption that the interference between the relay and
platform avionies equipment and the interference between adjacent trans-
ceiver equipments imnay be held to satisfactory levels, Further investigation
of the interference generation and susceptibility of the AN/PRC-77, PRC-25,
AN/ARC-114 and other transceivers is nceded before specifie relay pack-
age is designed, The results of such an investigation may indicate necessary
filtering, shielding, power supply decoupling, tuning range limitations, and
in general, the suitability of the transceiver equipment for multiple relay
service,

The relative desirability of equipment specifically designed
to meet RF compatibility specifications is evident, This favors particularly
the equipment designed especially for relay service, the AN/ARC-97 and the
AN/ARC -89V, and to a lesser degree (since the other equipments require
modification) the other aireraft radio equipments., A longer range relay
development program,of course, would require attention to E!MI problems
during design and qualification,
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8:5- POTENTIAL FOR RELAY DEVELOPMENT
3.5.1 Optimized Relay Systwem Design

h .
3.5.1.1 R TR Y

It is evident that the use of existing equipment for the relay
application is intended as a stop-gap measure to shorten the cycle of develop-
ment, trial, and operational deployment. For the longer range objective, we
are more at liberty to apply techniques and components which are not now in
military usage, inventory, or development. Among the long range objectives
for relay systems are: :

1. Simplification of relay hardware.

2, Development of relay packages compatible with a
variety of platforms.

3. Development of tactical radio equipment designed for
optimization of both relayed and conventional operational
modes. .

4 Compatibility of relay with digital modulation modes.

5, Reduction of interference generation and susceptibility.

One is constrained, even in planning for the long-range objectives, to main-
tain a degree of continuity in equipment development, since phasing-out of
older equipment is a slow process. Tnis is especially true in counterinsur-
gency warfare, where indigenous military and paramilitary forces may be
equipped with earlier U. S. radio equipment.

The following paragraphs describe some of the features of
optimized relay designs, primarily in regard to relays designed for FM-
network augmentation, but also in reference to possible UHF-AM network
relaying and the multichannel trunk relay problems.

3n%u1, 2 Relay Design

All of the relay packages recommended for initial and interim
time frame application consist of assemblies of single channel equipiment,
While this is a necessary expedient, there may be substantial room for im--
provement of relay complexity, size, and reliability through an overall
simplification of the relay package. Can the more extensive use of equip-
ment common to two or more channels bring about any net economies or
performance improvement?

1. The use of broadband relays covering several channels
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simultaneously increases the susceptibility to unin-
tentional interference or to deliberate jamming.

2. All subscribers within the service range of the relay
will have to avoid the relay's segment of the spectrum
if they do not need relay service.

3. If a broadband relay does not provide s:parate AGC for
each up-link channel, then some sort of automatic power
control must be incorporated in the pack sets themselves
so that all signals to be relayed arrive at the platform at
approximately the same level. Frequency-translated
down-link signals are not a good basis for level compari-
son, since signal levels observed at two frequencies from
a jungle-immersed antenna may be substantially uncor-
related.

4. Maintaining the intermodulation products from the broad-
band relay at a tolerable level requires design of the
relay transmitter for high peak power capability, with
consequent high power input requirements and transmitter
cooling requirements. On thec other hand, hybrid combining
of separate transmitters is not very efficient either,

5. Failure of a broadband relay may jeopardize several mil-
itary units simultaneously, There may therefore be a
need for standby equipment with manual or automatic
switchover provisions.

6. Useful savings should be possible in the equipment common
to the channel frequency synthesizers.

The conclusion of the above considerations seems to be that a broadband relay
package needs to previde single-channel preselzctor filtering and separate
AGC for each channel, The principal difference from a multi-transceiver
relay package would be the use of broadband power amplifier common to all of
the receiver channels, The peak power requirement should not be a problem
for the larger platforms,

As for the long-term implications of common-frequency
(switching) and frequency translating relay techniques, the question of com-
patibility with digital modulation formats would appear to be a critical factor.
The elevated platform increases the risk of message interception and spoofing,
so the use of a relay mode compatible with digital modulation appears to be
indicated. The common-frequency non-switching relay should be PCM com-
patible, but leaves some question as to its adaptability to relaying more than
one channel at the same plattorm.

Passive reflectors appear to offer too little path gain tn be

useful for pack-set relaying, but may find application in point-to-point
multichannel application where the reflector correlation bandwidth permuts.

OB
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The multichannel HARR application would benefit from the use of a simple
field-transportable tracking antenna of modest size capable of following
high-altitude balloons or other reflecting devices.

The multichannel relay application would also benefit from
the development of a platform mounted antenna capable of providing useful

‘directivity toward the ground terminals or other airborne terminals, yet

keeping gain fluctuations due to platform motion to a minimum. Such antennas
would not need to track the received signals from the ground or other aircraft,
but could be directed by the platform's navigational facilities, or througha
link between navigational facilities at two such platforms.

3.5.1.3 Ground Terminal Design

It was noted in Section 3. 2 of this report that the pack-set
radio design constrains the relay network operation in several ways. The
most awkward problem with contemporary pack-set radios is the use of
single-frequency operation, with one local oscillator or synthesizer con-
trolling both receiver and transmitter. Provision for independent receive
and transmit frequency selection would be the ideal solution (from the relay
designer's point of view) but a fixed switchable frequency offset would per-
haps be more reasonably incorporated in the pack-set.

Use of contemporary RADA vacant channel search procedures
in a tactical network context appears to be dangerous, in that a captured
pack-set could be used to elicit automatic responses for direction finding and
fire control.

There would appear to be considerable room for improvement
in pack-set antennas for jungle operation. Further examination of the
potential of frequency diversity and the use of magnetic loops instead of,
or in addition to whip antennas may lead to useful results. Recent work on
the ""energy density'' antenna (ref. 3,5-1, 2) suggests that a substantial
improvement in fading may be achieved through the use of this technique.

3.5.2 Satellite Relay

31,512, 11 .Introduct.ion

The use oi earth satellites is rapidly augmenting and replacing
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military long-haul communications circuits using hf radio, ionospheric
scatter, undersea cable, and tropospheric scatter. The potential of satellite
communications for use in the present context of tactical communications
remains to be exploited. The following paragraphs consider briefly the use
of satellite relaying for tactical pack-set application and for UHF/SHF multi-
channel communications,

3.5.2.2 Satellite Location

The availability of satellites in orbits from a few hundred
miles to synchronous orbits leads to an initial question of the proper satellite
orbit location for tactical support. If a given theater is to be supported by
satellite relay, the frequency assignment problem is quite complicated. A
synchronous satellite could act as a relay for a selected group of channels
which would remain fixed, or could change channel assignments remotely in
accordance with the SOI schedule. Sub-synchronous satellites, however,
would require separate frequency assignments or else would have to be
switched on-and-off by a ground control station which would assure that only
one satellite would be assigned to a given frequency range at a time, while
in view of the operational area. The same frequency range could be used
in areas which did not have the satellite in view simultaneously. With this
provision, satellites at any altitude could be used subject to the constraints
of power and ground station complexity.

3.5.2.3 VHF /UHF Pack-set Relay

In order to use a satellite relay for pack-set range augmen-
tation, the satellite must have sufficient receiver sensitivity and power
output that directional antennas are not required on the ground. The field
of view of a satellite is large enough that an exclusive channel assignment
will be required for the up and down-link frequencies. Since the military
services share the VHF (30-70 MHz) spectrum with a variety of other
services, it is unlikely that such assignments can be obtained. The sit-
uation is somewhat better at VHF (225-400 MHZ) where military traffic
predominates, and agreements could be made between friendly governments
regarding assignment of portions of the band to relay functions.

It may be useful to consider the necessary parameters of
synchronous satellites and ground terminals for this service. If we take
the up link as limiting performance, and base antenna performance on
that achieved in the NASA ATS satellits, the power budgets of Table 3-5
may be postulated. Circular polarization of the satellite antenna is assumed,
and satellite receiver bandwidths are taken as 36 KHz for VHF-FM and 4 KHz
for UHF-AM.
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The resulting carrier to nfoise ratios indicate that a considerahble additional
up-link system gain is needed. The vertical whip antenna associated with
the pack-set has a somewhat less than ideal pattern and orientation, and so
loss has been assumed for possible jungle foliage.

In view of the VHF interference problems, it seems safe to
say that satellite relaying is not feasible for conventional pack-set equipments.
At UHF, it may be possible to increase satellite antenna gain, ground antenna
gain, and ground transmitter power enough to provide useful service for pack=-
sets with line-of-sight clearance to the satellite.

3.5.2. 4 UHF/SHF Multichannel Relay

The use of satellite relaying i# much more attractive at higher
frequencies where more nearly exclusive channel assignments, wider band-
width, and higher antenna gain are available. The size of a satellite com-
munications terminal for 12 to 24 channel capacity can be comparable to that
of a transportable tropospheric scatter system,

Since a given operational area, e.g. Viet-Nam, raight require
several multichannel links of this sort for temporary use (assuming that
permant links are maintained by tropospheric scatter or submarine cable)
it will be necessary to equip the satellite for sharing one or more transponder
channels. This may be accomplished through several possible multiple access
techniques.

The central question seems to be whether there is a justifi-
cation for equipping ""high altitude'' platforms for multichannel relay when
satellite relaying is becoming practical for transportable terminals. The
satellite terminal will undoubtedly be a specialized equipment with specially
trained operators. It would be possible to imple<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>